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Abstract

The CRRES satellite was in service from July 1990 to October 1991, during a period
of high solar modulation and solar activity. The ONR-604 experiment aboard CRRES
measured helium with isotopic resolution in the energy range 38-110 Me V/nucleon, and
heavy ions through iron at 200-500 Me V/nucleon.
Although solar modulation was high: throughout the CRRES mission, the mission
included periods of solar quiescence as well as a number of large solar flares and
associated solar energetic particle events. Measurements were made of helium and
heavy ions during both the quiet times and the flare periods. A study was made to
search for anomalous component helium in the Earth’s magnetosphere using the
magnetic field as a rigidity filter. This effort was inconclusive due to background in the
outer electron radiation belt.
During the solar quiet times, the helium spectrum above 60 Me V/nucleon is consistent
with the galactic cosmic rays. Below that energy, a separate component appears early in
the mission and rises in prominence over the course of the mission, dominating over the
galactic cosmic rays below 60 MeV/nucleon. The distinctness of this component is seen
both in the helium spectra and the ^ e /^ H e ratio. An association o f this component with
interplanetary shocks driven by coronal mass ejections is suggested.
During the March and June 1991 flare periods, helium spectral characteristics and
isotopic ratios are measured. The results are compared to related diagnostic phenomena
of gradual and impulsive solar energetic particle acceleration. The average 3He/4He ratio
in both periods is enriched relative to the solar wind; 0.01 in June 1991 and 0.07 in
March. The March period contains spikes in the isotopic ratio rising to 0.22.

xii
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Signatures o f known solar phenomena are compared to attempt to identify the
predominant acceleration mechanism of each major flare.
The development of the CRRES/SPACERAD Heavy Ion Model o f the Environment
(CHIME) is described and the results presented.

xiii
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Chapter 1

Introduction and Objectives

1.1 The Cosmic Rays
The systematic study of cosmic radiation has spanned m ost o f the twentieth century.
Cosmic rays are ionized nuclei, mostly protons but also with a substantial helium
content and a smaller fraction of heavy nuclei. The earliest detection of cosmic rays as a
form of ionizing radiation was with electroscopes that measured the rate of discharge of
a charged, insulated gold leaf in a sealed container, due to ionization of the gas in the
container, caused by the passage through the container of an unknown radiation source.
In retrospect, m ost of the ionization first observed was in fact due to natural radioactivity
in the rocks and structures near the experiment, but the effect persisted even in isolation
from such sources. An extraterrestrial component to the ionizing radiation was detected
in 1912 when balloon-borne experiments by Hess and Kollhoerster found that
atmospheric ionization increased, rather than decreasing, with altitude. An
extraterrestrial source of penetrating radiation was deduced and given the name cosmic
radiation by Millikan in 1925.
Modem measurements of the cosmic rays are performed under greatly varying
conditions and with a wide array of instruments, including ground-based neutron
monitors and air-shower arrays; balloon-borne emulsion plates and calorimeters; and
solid-state detector stacks flown in space. The goal of all such experiments is to
measure the energy and composition o f the cosmic radiation in order to determine its
source, the mechanism by which it was accelerated, and the transport process by which
it reached the earth.

1
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1.2 The CRRES Mission and ONR-604
The Combined Release and Radiation Effects Satellite (CRRES) was launched in July
1990, carrying more than thirty different scientific payloads for studies in several
distinct areas of space and atmospheric science. The broad goals o f the mission were to
measure the radiation environment in near-Earth space, improve and refine the NASA
radiation belt models, and study the effects o f the radiation environment on
microelectronics for future space missions; to conduct low-altitude studies of
irregularities in the Earth’s ionosphere; and to perform a series o f chemical release
experiments in the ionosphere and geomagnetosphere.
The CRRES orbit, a geosynchronous transfer orbit (GTO) with a perigee of 350 km,
apogee of 33,600 km, and inclination o f 18.1°, was a compromise among the needs of
the different mission planners. The short time spent at perigee and long period of the
orbit (approximately 10 hours) limited opportunities for chemical release. Ionospheric
studies were difficult due to the high perigee velocities of the satellite and the short time
spent at ionospheric altitudes. The radiation and charged particle studies were least
compromised by the CRRES orbit The relatively low inclination and high eccentricity
of the orbit, combined with its precession about the Earth, allowed the satellite to sample
most of the magnetosphere near the equatorial plane.
The CRRES mission terminated in early October 1991, due to a battery failure, after
which the satellite was lo st During the 14-month mission, instruments aboard CRRES
recorded a number o f large flares, in particular two large series of events in March and
June of 1991. The satellite also accumulated several months’ worth o f solar quiet-time
cosmic ray measurements under conditions o f maximum solar modulation. The entire
CRRES mission took place during solar maximum, the phase o f the 11-year solar cycle
when sunspot number, solar modulation o f cosmic rays, and solar flare activity are at a
maximum.
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1.3 ONR-604 Pre-flight Objectives
The Experiment for High Energy Heavy Nuclei Composition, designated ONR-604
(because it was sponsored for flight by the Office o f Naval Research), was designed to
measure energetic cosmic rays with energies from about 25-500 MeV/nucleon,
depending upon species. The instrument was capable o f isotopic resolution for elements
up to and including nickel. As its full name implies, ONR-604 was designed primarily
to measure the energy and composition of cosmic ray heavy nuclei, favoring helium and
heavier over the more abundant protons. The instrument was designed to give highest
priority to analysis of species heavier than neon, second highest priority to elements
from helium through neon, and lowest priority to protons and electrons. The specific
objectives of ONR-604, most o f which were stated prior to the mission by Simpson et
al. (1985) were:
• to study the high energy conversion processes by which particles are accelerated in
solar flares;
• to monitor solar flare particle fluxes and discover observable solar conditions
indicating the imminent onset of impulsive solar flares;
• to measure the galactic cosmic ray flux and composition as a basis of comparison to
the solar flares;
• to use solar flare composition measurements to provide constraints on stellar
nucleosynthesis models;
• to study the access of charged particles into the magnetosphere and the charge state of
observed ions;
• to provide empirical data for the refinement o f models of the origin, acceleration, and
propagation of charged particles in the magnetosphere;
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• to measure the residence time of particles trapped in the radiation belts, and improve
and refine the NASA radiation belt models;
• to conduct the first test in spaceflight o f a new generation of gold-strip solid state
silicon detectors (Lamport et al. 1976);
• to produce a comprehensive model o f the near-Earth radiation environment for
estimation of future radiation hazards to be encountered by orbiting spacecraft
electronics (Guzik, Clayton & Wefel 1994).

1.4 Objectives o f this Work
ONR-604 was designed and built at the Laboratory for Astrophysics and Space
Research (LASR) at the University o f Chicago, and LASR was the primary institution
involved in the data analysis. Most o f the objectives in the list above fall within the
scope of the heavy ion analysis performed at LASR. DuVemois et al. (1996) reported
measurements of galactic cosmic ray isotopes from CRRES of carbon through silicon,
and their implications when compared to solar system abundances. While the major
composition and spectral analysis of carbon and heavier species was performed at
LASR, much of the direct analysis effort for CRRES at LSU has been dedicated to
helium (Chen et al. 1996a; 1996b; 1995; 1994a), and in particular, solar helium.
Calculations of heavy ion spectra and abundances were made as part o f this work but the
bulk of the effort described in this dissertation was dedicated to the analysis o f helium
during the CRRES mission. The analysis goals of this work specifically are described
as follows.
(1)

Measurement o f the quiet-time flux outside the magnetosphere o f the flux of

helium, and certain heavy ion species, to observe the spectral characteristics and identify
the different components contributing to the flux. The cosmic ray helium flux near the
Earth consists of at least three components: the galactic cosmic rays (Simpson 1983); the
so-called “anomalous component” (Fisk et al. 1974), so named because it was first
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observed as an unexplained excess of certain elements at low energies in the cosmic ray
spectra; and solar helium, which becomes dominant in the CRRES energy range (about
40-110 Me V/nucleon for helium) during large solar flare events, but plays a role at the
low energy end of the measured spectrum even during solar quiet-times. The
measurement and identification o f these separate components of helium allow
comparison, in the energy ranges where they appear, of their different isotopic ratios.
The galactic cosmic ray ^ e / H e ratio was reported by Beatty et al. (1993) as a
function of energy per nucleon. This ratio is stable and reflects the source composition
and transport effects involved in the transport o f the galactic cosmic rays (Garcia-Munoz
et al. 1987). In contrast, according to the model o f Fisk et al. (1974) the anomalous
component is expected to contain negligible amounts of h ie. Meanwhile the h le /H e
ratio measured in the solar helium flux varies greatly, from a mean value o f 0.0005 in
the solar wind to values greater than 0.5 in some solar flare events (Kahler et al. 1985).
The h ie enrichment in solar flare events is highly variable from event to event and
presents a challenge to understand the mechanism of the enrichment. CRRES observed
several very large flares, providing large samples o f solar energetic particles from which
to calculate the h ie /h ie ratio. From this one seeks to obtain some insight into the
acceleration process and source population for large solar energetic particle events.
(2)

Another primary objective o f this work was to test the model o f Fisk et al. (1974)

o f the anomalous component, by searching for that component in the helium spectrum at
solar maximum. The anomalous component o f helium is prominent in the helium
spectrum, at a distance o f 1 AU from the sun, at solar minimum, but it disappears from
measurements made in interplanetary space during solar maximum The disappearance
is believed to be a function of the anomalous component’s injection spectrum at the edge
o f the heliosphere and the effect o f elevated solar modulation at solar maximum.
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The anomalous component is in fact expected to be present at solar maximum, but at
intensities much less the galactic cosmic rays, and thus undetectable. However, using
the Earth’s magnetic field as a rigidity filter and the hypothesis that the anomalous
component is singly charged (Fisk et al. 1974; Cummings, Stone & Webber 1984;
Singh et al 1991), while the galactic cosmic rays are fully ionized, in principle the basic
model of the anomalous cosmic rays and of solar modulation allows for observation of
the anomalous helium, even at times o f greatest solar modulation. The anomalous
component of several heavy ion species besides helium w as detected at 1 AU by
SAMPEX (Mewaldt et al. 1993) in 1992, returning to observable levels as the solar
system recovered from the 1991 solar maximum. The SAMPEX result came one year
later than the CRRES mission, by which time the solar modulation level had decreased
considerably. Observation of the anomalous component at the peak of solar maximum
would provide a new test of the basic model of Fisk et al. (1974), as well as providing
data for improved measurements o f its isotopic composition and charge state using the
high resolution capabilities of ONR-604.
(3)

The study of item (1) above yielded evidence of a solar component that dominates

the helium cosmic ray spectrum at energies below -60 M e V/nucleon, even during solar
quiet times when no large solar energetic particles events account for such a component
This solar component is not documented in the literature and the CRRES measurements
show it appearing early in the solar maximum phase and rising in prominence
throughout the CRRES mission. Its 3H e/H e ratio is m ore than two orders o f magnitude
greater than the typical solar system value as measured in the solar wind, and is stable
over time. The solar origin of this component is a conclusion o f this work; the effort to
identify this component’s source, and the mechanism that accelerated it to -6 0
Me V/nucleon, was based on the temporal behavior o f its spectrum and isotopic ratio,
and was one of the major components of this analysis.
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(4) A large part of the work reported in this dissertation was devoted to the
development and validation o f the CRRES/SPACERAD Heavy Ion Model of the
Environment (CHIME), which was designed to provide a comprehensive predictive
model o f the heavy ion radiation environment in near-Earth orbit, at any phase o f the
solar cycle (Chenette et al. 1994; Chen et al. 1994b). The model incorporates the results
of previous and separate models o f galactic cosmic ray source abundance and transport
(Garcia-Munoz et al. 1987), solar modulation, and solar energetic particle events (Chen
et al. 1994c). A principle object o f the CHIME model is to provide linear energy
transfer (LET) spectra of energy deposit in space-bome material for determination o f
single-event upset rates in satellite electronics (Chenette et al. 1994; Chenette, Guzik &
Wefel 1994; Guzik, Clayton & W efel 1994).
(5) A fifth major focus of this work was to measure the spectra and composition o f
the helium, and the composition o f certain heavy ion species, for the large solar
energetic particle (SEP) events o f M arch and June 1991. The origin of large SEP events
has been the subject of much debate in recent years (Reames 1993; Gosling 1993; M iller
1995). A picture of two distinct classes o f event, broadly referred to as “gradual” and
“impulsive” events, has emerged. Gradual SEP events are generally considered to
represent acceleration of particles— from a source that is a subject o f ongoing study— in
interplanetary space by large shocks that are driven by coronal mass ejections (CMEs).
Impulsive events, on the other hand, are believed to originate in the magnetic field loops
of large solar flares, with acceleration and any observed modifications o f the particle
abundances occurring at the flare site, as opposed to resulting from interplanetary
transport, as in gradual events (see reviews o f the topic by Reames, 1997; 1999).
The ^ e / 'H e ratio and certain heavy ion relative abundance ratios, such as Fe/O,
provide indications of some of the processes taking place in these distinct forms o f SEP
acceleration, and are frequently used as a basis o f efforts to classify certain events and
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place constraints on their acceleration mechanism (Fisk 1978; Mobius et al. 1982;
Varvoglis & Papadopoulos 1983; Kocharov & Kocharov 1984; Temerin & Roth 1992;
Miller & Vinas 1993). Chen et al. (1995) reported helium spectral and isotopic
characteristics for the March and June SEP/solar flare events, averaged over the duration
of each event. This work expands that analysis by (1) extending the energy range o f the
measured helium spectra by incorporating previously unanalyzed portions o f the
CRRES helium data set into the analysis; and (2) reporting calculations o f solar energetic
helium spectral and isotopic characteristics on a finer timescale than the event averages
of Chen et al. (1995), revealing the temporal behavior of the SEP helium on roughly a
10-hour timescale. Observing the helium on this reduced timescale reveals rapid rises
and drops in the March 1991 SEP 3He/*He ratio that could not be seen in event
averages, while conversely, showing a lack of such behavior in the June 1991 events.
This work attempts to interpret the March and June 1991 SEP measurements from
CRRES in the framework o f current theory of SEP acceleration, in order to understand
the origin o f these large SEP events. An understanding o f such events may one day
provide a method of predicting them, or observing them in their preliminary stages, to
provide warning to protect space-bome electronic systems from radiation damage due to
the intense dose produced by large SEP events.
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Chapter 2

The ONR-604 Instrument

2.1 Introduction and Experimental Objectives
The design goal of the ONR-604 instrument is to admit the passage o f electrically
charged particles through its detectors, and from the energy deposits made by these
particles during passage, to measure their charge, mass, and incident energy. From
these measurements, subsequent analysis yields such physical quantities as particle
flux, abundance ratios, and other physical features of the cosmic ray population
incident upon the instrument The first and most fundamental step is to determine
each particle’s identity, i.e., its charge and mass, and its energy, which in cosmic ray
physics is usually expressed not as the particle’s total energy, but instead as its energy
per unit mass, or energy per nucleon. It will later be seen that expressing cosmic ray
energies in terms o f energy per nucleon allows comparison of the cosmic ray energy
spectra of different species on a common scale.
Initially the design and function o f the detectors will be described. Understanding
o f the pure function of the detectors is sufficient in principle to illustrate how the
measurements needed, as described above, can be made. Following the detector
description, the operation o f the instrument electronics, by which the detector signals
are prioritized, processed, stored and transmitted, will be described. Finally, the pre
flight calibration testing, which demonstrated the basic capability o f the instrument to
meet the operational objectives mentioned above, will be shown.

2.2 Instrument Overview
Figures 2.1 and 2.2 illustrate the ONR-604 instrument Figure 2.1 shows an
external view o f the flight package. The window indicated in Figure 2.1 is the port

9
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through which all charged particles enter the ONR-604 detector stack. The instrument
is shown schematically in Figure 2.2. The window seen in Figure 2.1 is labeled in
Figure 2.2 as the 25 // Al-Kapton window. Beneath that is another window shielding
the detector stack from high fluxes of low energy protons and electrons, this labeled
as the 3 mm A1 window. This window protects the uppermost detectors in the
detector stack from accumulated radiation damage from high-intensity trapped
electrons and protons in the magnetosphere.
The ONR-604 detector stack consists o f three distinct components. Referring to
Figure 2.2, the topmost set o f detectors consists o f three Position-Sensing silicon
detectors, approximately 1 mm thick and with a surface area of 40 cm2. These are
detectors D l, D2, and D3. The function o f the Position-Sensing Detectors (PSDs)
will be explained in detail later in this chapter. Their primary purpose is to measure
the trajectories o f particles passing through the PSDs and stopping in the main stack
K1-K8.

*PURGE
NIPPLE
HIGH
ENERGY
TELESCOPE

RACKPLATE

•M
MODULE I I

-

COMPARTMENT 8

•2

SV CONNECTOR
DATA OUT
COMMAND IN J - 2

ir
SV CONNECTOR
POWER > 1

Figure 2.1 External view of the ONR-604 flight package. Items with (*) are
required to be accessible from the spacecraft
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CRRES
ONR-604
Telescope

Orientation o f Oofactor
Position Sensing S trips

Figure 2.2 Schematic diagram of the ONR-604 instrument.
Below D1-D3 is another trio of PSDs, detectors D4-D6. These PSDs are identical
in composition and function but smaller and thinner than D1-D3, with a thickness of
approximately 0.5 mm and a surface area o f 17 cm2. Detectors D3 and D4 are
separated by a gap o f about 4 cm.
The main detector stack in the ONR-604 instrument consists o f eight Kevex Lidrifted silicon detectors, K1-K8. These detectors have a thickness o f 5 m m and
surface area of 11 cm2. It is primarily the detectors K1-K8 that provide the high
charge and mass resolution, across a wide energy range, necessary to accomplish the
main astrophysical goals o f the CRRES mission as described in Chapter 1. However,
in order for the Kevex detectors to perform to their full potential, the trajectory
information provided by the PSDs is essential.
The entire detector stack is surrounded on the sides by an anti-coincidence
scintillator, S. The function o f S is to provide a signal, to be used in the instrument
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gate logic, indicating when particles pass through the sides of the instrument This is
used to constrain the instrument to accept for analysis only particles entering through
the aluminum window from the top of the instrument and to reject particles which do
not stop in the detector stack, but rather pass out through the sides o f the stack. This
is necessary in order to interpret accurately a particle's energy deposits in the detectors
to derive its charge, mass, and energy. Because a signal in S is interpreted as
indicating the passage o f a particle out the sides of the instrument, and used in the
processing gate logic to reject some events, it is not desirable that the guard counter S
be exposed to externally incident radiation, i.e., particles not passing through the
instrument window and leaving the stack through the sides, but rather striking S from
the outside. Such exposure would leave S subject to saturation at times o f intense
incident radiation and cause the instrument to reject valid events due to the busy state
o f S. In order to shield S from high intensity, low-energy trapped radiation, its upper
portion is surrounded by a magnesium shield and by a tantalum collar, each of which
excludes electrons of less than 4 MeV and protons o f less than 40 MeV incident
energy. The lower part o f S is also surrounded and further shielded on the sides by
other modules of the CRRES instrument package, and the entire instrument is
shielded from below by the spacecraft itself.
Beneath the Kevex stack is another Li-drifted silicon detector, labeled A in Figure
2.2. Its function is to identify events that fully penetrate the detector stack and
distinguish them from those that stop in the stack. The method used to analyze
particles in this work requires that they stop in the detector stack.

2.3 The Detectors: Functional Description
The basic method by which particles are identified by the ONR-604 silicon
detectors is illustrated in Figure 2.3. This figure shows schematically the AE versus
residual energy method of particle identification. In this technique, the particle is
required to pass completely through at least one detector, labeled in Figure 2.3 as the
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“ AE Detector,” and subsequently must stop in another, lower detector, the “Residual
Energy Detector” in the figure. When the energy deposit in the A E detector is
graphed in a two-dimensional plot versus the energy deposit in the residual energy
detector, such pairs o f energy deposits for multiple particles of a given charge and
mass form a two-dimensional curve that is unique to that particle’s charge and
isotope. Figure 2.3 illustrates the resulting curves produced by protons (H), helium,
and lithium. Further, the figure shows how the separate isotopes of helium (labeled
M=3 for 3He and M=4 to indicate 4He) are resolved by the same method.
Analytically, the relationship between AE and the particle’s characteristics is A E =
dE/dX( AX) = k(Z2/T)( AX) f(v) while the residual energy is E = MT. Here dE/dX is
the rate of ionization energy loss per unit pathlength through the silicon, AX is the
pathlength of the particle through the detector, k is a constant, Z the particle’s charge,
T its kinetic energy per nucleon, M the number of nucleons in the cosmic ray nucleus,

Two Dimensionol
Pulse Height Plot

Chorged Particle
Trajectory

a

E Detector
M =4

Residual Energy
Detector

Energy Deposit

Figure 2.3 Illustration o f the A E versus residual energy particle identification
technique.
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and f(v) a slowly varying function o f the particle’s velocity (Rossi 1952). The
pathlength, AX, is equal to the product o f the detector thickness and the secant of the
angle o f particle incidence. Here the need arises for a knowledge o f the particle’s
trajectory. Because cosmic rays are isotropic and enter the instrument from a wide
range of angles, the distribution o f pathlengths traversed by particles stopping in the
AE detector can be large. This broadens the tracks produced in the AE versus E
matrix, washing out the separation between different isotopes. In order to restore this
separation and preserve isotopic resolution in the detectors, a precise knowledge of
each particle’s angle o f incidence is required, so that the energy deposits AE can be
scaled by the cosine of the angle of incidence to adjust all particles’ energy deposits
for their varying angles of incidence. This scaling allows each particle to be treated in
the A E versus E matrix as if it arrived at normal incidence to the detector stack.
In a detector stack with more than two detectors, such as ONR-604, the energy
deposit from any detector above the stopping detector (the residual energy detector)
can be used to generate such a set o f curves as in Figure 2.3. For instance, for a
particle that stops in the K1 detector, each detector D1 through D6 can serve in the
role of the A E detector. For best refinement o f the charge and mass resolutions, a
method is required that accounts simultaneously for the AE measurements of all the
detectors in the stack above the stopping detector. The method by which this is done
in this analysis will be described in a subsequent chapter dedicated to the detailed
analysis methods o f this work.

2.3.1 The Kevex Detectors
ONR-604 is optimized for analysis o f events stopping in K2-K8. The Kevex
detectors provide higher quality signals for AE versus residual energy analysis, as
described above, than the PSDs DI-D 6. For events stopping in K2-K8, at least one
two-dimensional pairing o f A E and residual energy is available that relies on a Kevex
detector for each of the two energy signals. For instance, for a particle stopping in
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K2, a AE versus residual energy plot can be constructed using K1 as the “ AE
detector.” But for a particle stopping in K l, o r higher still, in the PSDs, the “ AE
detector” must necessarily be one o f the PSDs, with its lower quality energy signal.
The higher quality of the AE signals from the Kevex detectors, compared to the
PSDs, is partly due to the fact that the Kevex detectors enjoy the benefit of being
shielded above from background due to electrons and protons by the PSDs
themselves, and any other Kevex detectors higher in the stack. Furthermore, for
particles stopping in the Kevex stack, the full set o f PSD measurements contributing
to the determination o f the particle trajectory is available, providing maximum
precision in determining the arrival angles o f particles stopping in K1-K8. The need
for an accurate measurement of the particle trajectory will be discussed later in this
chapter.
Due to their smaller surface area and location deeper within the vertical,
cylindrically symmetric stack of detectors, the Kevex detectors have substantially
smaller geometric factors than the PSDs. This smaller geometric acceptance
constrains events stopping in the Kevex stack to smaller angles of incidence than may
be recorded in the PSDs. Table 2.1 lists the geometric factors and maximum
acceptance angles o f the aluminum window and each detector in the instrument. The
acceptance angles are angles of incidence, relative to the axis normal to the plane of
the detector. Note that the geometric factors o f D1-D3 are very much larger than those
of the other detectors; and that the geometric factor o f K l is only slightly more than
half as large as that o f D6. Events stopping in K l can only arrive from incident
angles o f less than 20°, while those stopping in D2 can arrive from incident angles
more than twice as large. Later in this chapter it will be shown from calibration data
that the mass resolution of particles measured in the Kevex detectors does not degrade
significantly for particles arriving from the entire range o f incident angles physically
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Table 2.1 ONR-604 geometric characteristics
Detector

9m (degrees)

A SI (cm2 sr)

Window

—

379.4

Di

—

102.3

D2

43.6

94.9

D3
D4

42.1

88.2

25.0

18.6

D5

24.0

17.1

D6

23.0

15.7

Kl

19.5"

8.4

K2

18.4

7.1

K3

17.2

6.1

K4

l5 .J

5.3

K5

15.3

4.6

K6

14.5

4.0

K7

13.7

3.5

K8

13.1

3.1

A

—

3.1

allowable in the Kevex stack. This capability depends critically on the provision of
accurate trajectory information by the PSDs. In the PSDs, where in some cases the
trajectory measurement is degraded compared to the Kevex detectors, the combination
o f large geometric factor and large uncertainty in the particle trajectories significantly
degrades charge and mass resolution.
The Kevex detectors, as previously stated, are lithium-drifted silicon detectors.
The function o f such a detector is illustrated schematically in Figure 2.4. The detector
consists of a wafer sliced from a single crystal o f p-type silicon. Lithium metal is
deposited on one surface of the wafer and drifted by the action of an external electric
field into the silicon, to form an intrinsic region. A layer of residual lithium that has
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not drifted into the silicon remains as a “window” on the side o f the silicon wafer
where the lithium w as applied. Metal contacts (usually gold) are then applied to
opposite surfaces o f the silicon and a voltage applied between the contacts to create an
electric field in the Li-drifted intrinsic region. When a charged particle passes through
the detector, the energy it deposits creates electron-hole pairs (3.6 eV o f energy is
required to produce a single pair). These are collected as a pulse at the metal contacts.
The signal is then passed to an amplifier and on to the instrument electronics. The
high resolution o f these detectors is due to the small amount o f energy required to
produce a single electron-hole pair. For an energy deposit in the 1-10 MeV range,
millions of such pairs are produced. If all o f these can be collected, then the statistical
spread in the energy signals (proportional to the square root o f the number of pairs) is
about 0.1%, which is sufficient for measurements with isotopic resolution for
elements as heavy as nickel (Simpson et al. 1985; Wefel 1982).

Particle

Intrinsic

Metal
Contacts

Lithium
Window
• =Electrons o="Holes"
+V Amplifier

Figure 2.4 Schematic illustration o f a Li-drifted silicon detector.
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2.3.2 T h e P o sitio n -S e n sin g D etecto rs
The basic PSD, representative of the detectors D1-D6, is illustrated in Figure 2.S.
This device was designed at the University o f Chicago and its design, fabrication, and
function are documented completely in Lamport et al. (1976). The PSD consists of a
thin Li-drifted silicon wafer, similar in basic construction to the Kevex detectors
previously described. To the surface of the silicon wafer opposite the lithium window
(cf. Figure 2.4), gold is applied by evaporation through a beryllium-copper shadow
mask to produce an array o f parallel gold strips. The gold is deposited to a thickness
o f 400 A. The strips have a nominal width of 0.191 mm, with a gap between strips
of 0.127 mm. These gold strips are then attached to a resistive-divider network as
illustrated in Figure 2.5. When a charged particle passes through the PSD, producing
electron-hole pairs as in the discussion accompanying Figure 2.4, the array o f gold
strips, and gaps between them, acts as a distributed RC transmission
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Figure 2.5 Sketch of a Position Sensing Detector.
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line, in which the charge collected at the “position signal” contact in Figure 2.5 is
directly proportional to the product o f the position o f particle incidence and the total
energy deposited in the detector (Doehring et al. 1968; Kalbitzer & Melzer 1967).
The charge collected at the “energy signal” contact in Figure 2.5 is directly
proportional to the total energy deposit in the detector. Thus the ratio o f the charge
collected at the position contact to that collected at the energy contact (the “P/E ratio”)
specifies the location of particle incidence.
The position measurement from a single PSD is one dimensional in the plane of the
detector, in the direction perpendicular to the gold strips. Lamport et al. show the
resolution o f this position measurement to be -0 .2 mm for energy deposits of -40
MeV. Figure 2.6 shows a histogram o f mean RMS uncertainty o f location of particle
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Figure 2.6 Argon calibration test data showing precision o f PSD measurement of
particle incidence, in the top plane o f the detector.
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incidence in the top plane o f a single PSD from measurements o f 95-350
MeV/nucleon argon calibration data. The plot shows a mean uncertainty of about 275
microns, or 0.275 mm for argon in this energy range.
To determine the straight-line trajectory of a particle passing through the detector
stack, six independent coordinates o f the particle’s path must be measured. For
instance, in cartesian coordinates, the coordinates of two points (x(,ypz,) and
(x2,y2,z2) specify a unique straight line connecting the two points. The physical
coordinates o f a particle’s path provided by a single PSD in the ONR-604 detector
stack are the vertical location in the stack of the top plane of the detector, where the
gold strips are placed, and the horizontal location of particle incidence, perpendicular
to the gold strips, in the same plane, obtained as described above. Thus each PSD
provides two independent coordinates of the particle’s trajectory. Therefore, in order
to obtain the necessary six independent coordinates to specify a unique straight-line
trajectory, measurements from a minimum of three PSDs, with non-parallel alignment
o f their gold strips, is required to determine a trajectory. The calculation of the
particle’s angle o f incidence requires a coordinate transformation from the coordinates
of (detector plane height, horizontal gold strip location) for three detectors, to a pair of
(x,y,z) coordinates for two points along the particle’s path, from which the angle
between the resulting line and the longitudinal axis of the instrument is obtained. The
mathematics o f this transformation is shown in full algebraic detail in Garcia-Munoz
(1990). Since the instrument possesses six PSDs, while mathematically, only three
are required to determine a trajectory, the trajectory is over-specified if all six PSDs
contribute. Three months after the start of the mission, the amplifier for the position
signal contact o f D1 failed, after which only five P/E measurements were available for
trajectory calculations for the remainder o f the mission. Meanwhile for particles
stopping higher in the stack than D6, not all PSDs receive energy deposits from the
particle. Due to the loss of P/E data from D l, and the minimum requirement of three
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PSD detectors to specify a trajectory, trajectory information is available only for
particles stopping in D4-D6 and the Kevex detectors. In D4 the trajectory is based on
P/E measurements from D2, D3 and D4. In cases where more than three PSDs
provide trajectory information, a least squares minimization method is used to
combine the P/E measurements of all available PSDs to produce a best fit trajectory
(Garcia-Munoz 1990).
Test data using a 56Fe calibration beam at known, fixed angles, shown in Figure
2.7, demonstrates the angular resolution of the trajectories obtained by this method.
The “measured angles” indicated in the figure were measured by the P/E method
described in this section. The uncertainty o f the resulting angles of incidence is 0.37*
for both calibration beams, at both 5* and 25* nominal angles of incidence.
As previously mentioned, a precise knowledge of the particle’s angle o f incidence
is required for isotopic resolution of measured particles, in order to correct all
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Figure 2.7 Iron calibration data showing precision of the angular measurement
provided by the full set o f ONR-604 PSDs.
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particles’ AE energy deposits for their different angles o f incidence, and different
pathlengths of silicon traversed. Figure 2.8 shows the effect had on resolution by the
trajectory calculation, by combining 40Ar calibration beams from four different angles
of incidence into a single mass histogram. When the different angles o f incidence are
properly accounted for by the PSDs, a single 40Ar peak should be observed. What is
seen in the top panel is the result of a mass calculation with no correction for
trajectory. Resolution is badly degraded, as the 10s beam forms a shoulder about M =
41 amu and the 20° beam is shifted clear to M > 43 amu. The middle panel shows the
same calibration events, but with the mass calculation based upon a trajectory
determination with an uncertainty of about 1°. Resolution is much improved, as the
beams from all four angles combine in a single peak with a resolution of 0.34 amu.
The bottom panel shows the resolution in the same data achieved with trajectory
measurements provided by the ONR-604 PSD system. Mass resolution improves to
0.23 amu.
2.4 T he E lectronics: L ogic a n d D ata P rio rity
The detectors provide signals from which a particle’s charge, mass, and energy can
be deduced. But before such analysis can begin, the electrical signals rapidly flashing
out of the detector leads must be organized, prioritized for analysis, processed by
analog-to-digital (ADC) conversion into digital values from which energy deposits can
later be recovered, and prepared for transmission from the satellite to the ground
station. This is the task o f the instrument electronics.
The basis of the electronic processing of the detector output signals is analog-todigital conversion o f these signals. Each detector delivers its analog pulse to an ADC
module. The digital outputs o f the ADCs are the quantities transmitted to the ground
tracking station. The ADC modules are governed by discriminators, with thresholds
such that analog signals below the threshold are ignored and those above the
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threshold are converted. The ADC thresholds corresponding to each o f the detectors
in the instrument are listed in Table 2.2. Notice that the AD C discriminator thresholds
o f D1-D6 can occupy either o f two values. The threshold in effect is specified by
ground command and is selected such that the lower threshold is in force when the
satellite is at high altitudes, outside the radiation belts where proton fluxes are not
intense. When the lower discriminator state is selected, the instrument is in “proton
mode.” When the instrument enters the inner magnetosphere and approaches the
Earth’s trapped radiation belts, the intensity of protons becomes great enough to
impair the function of the instrument electronics. In order to avoid being
overwhelmed by a constant, high-intensity flux of protons, a ground command
toggles the thresholds of D1-D6 to the higher values shown in Table 2.2. The
instrument is then in “heavy ion mode.” The thresholds o f heavy ion mode are
selected so as essentially to exclude most protons entering the instrument from

Table 2.2 Discriminator symbols and thresholds.
Low
Symbol
Detector

Medium

Threshold

Symbol

(MeV)

Threshold
(MeV)

High
Symbol

Threshold
(MeV)

D1

D1

0.70/4.06

—

—

D2

D2

0.70/4.06

—

—

D3

D3

0.70/4.06

—

—

m

D4

0.25/1.45

—

—

D5

D5

0.25/1.4$

—

—

D6

D6

0.25/1.45

—

—

Kl

Kl

0.50

KIM

37

K1H

1200

K2

K2

0.50

K2M

37

k '2h

1266

K3-K8

K3-K8

0.50

—

1200

A

A

0.25

—

K3H-K8H
—
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electronic processing and reserve the processing capability o f the electronics for the
less intense heavy ions.
The determination when to toggle from proton to heavy ion mode was based upon
a fixed satellite altitude, which unfortunately did not vary with the geomagnetic
conditions to account for variations in the Earth’s magnetic field that result in great
differences in the particle environment at a fixed altitude, at different times. However,
the transition to heavy ion mode occurred at roughly L = 4-5 in the magnetosphere
under quiet solar conditions. (The coordinate L, the Mcfiwain L-parameter, is defined
in Chapter 3, Section 3.3. It is a common coordinate for expressing locations in a
dipole magnetic field. At the dipole equator L has a value equal to the distance from
the Earth’s center, in units of Earth radii.) Since the analysis described in this work
was almost entirely restricted to L > 6, the transition of the detector thresholds to
heavy ion mode was not a factor. All data reported in this dissertation were measured
with the instrument toggled to proton mode.
The discriminator thresholds in Table 2.2 serve the dual purpose o f defining what
is a valid event for analog-to-digital pulse height analysis, and prioritizing events as
they are received so as to favor the less numerous, low-intensity heavy ions over
higher-intensity species, particularly protons. Figure 2.9 is a functional block diagram
o f the ONR-604 instrument. The diagram depicts the flow of an analog pulse from a
detector into the instrument electronics; this is actually occuring in parallel for all 16
detectors D1-D6, K1-K8, and A. Refer to Figure 2.9 throughout the following
discussion.
When a charged particle passes through any o f the silicon detectors in the
instrument, an analog pulse is output following the process described previously in
this chapter. This signal is amplified and is passed to the detector’s assigned ADC
discriminator, with thresholds shown in Table 2.2. The PSD signals enter only one
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discriminator each, the threshold o f which is toggled as appropriate to either the
proton mode or heavy ion mode level. K l and K2 signals are tested by three separate
discriminators, low, medium, and high; and K3-K8 are tested by low and high level
discriminators.
The discriminator outputs are branched to two separate logic assemblies, labeled
Digital Logic Assembly and Rate Logic in Figure 2.9. The digital logic assembly acts
as a gate for defining a valid event for pulse height analysis. The gate control (GC)
logic i s :

GC = D1D2D3(K1+K2+S)

An event satisfying this logic is a candidate for pulse height analysis
(PHA). Note that any of the elements in the gate control can be removed by ground
command in the event of a detector failure. If the event satisfies the gate logic, a hold
command is issued from the digital logic assembly to the peak detector sample/hold
module and the analog peaks of all detectors are saved. At the same time a valid event
flag is sent to the analog multiplexer, switching the multiplexer (if not busy with an
event o f equal or higher priority - see below) to pass the analog peaks from the peak
detector sample/hold to the ADCs. During this transfer the electronics are inhibited
from processing further events for 2.088 msec. The delay originates in the analog
multiplexer, which requires this time to switch and stabilize the analog signal. This
amount o f time is thus contributed as instrument "dead time" for each pulse height
analyzed event.
The linearity of the detector amplifiers and proper function of the ADCs was tested
periodically by a ground-controllable in-flight calibrator, shown in Figure 2.9, which
provided known calibration pulses to each amplifier for ADC conversion. This would
reveal any amplifier or ADC failure or change in gain. There were no failures in this
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circuitry and no significant drift in gain or linearity was observed during the CRRES
mission.
The digital logic assembly also made a determination of each event's priority. If all
events triggering the detectors and passing the gate control were processed with equal
priority, observation o f the heavy ions o f lowest flux and greatest interest would have
been suppressed by competition for access to the electronics with the more abundant
lighter species. Protons in the galactic cosmic rays are about one order o f magnitude
more abundant than helium, and over three orders o f magnitude more abundant than
iron. In the proton radiation belt, or during a large solar energetic particle event, the
abundance o f protons can exceed that o f heavy ions by even greater magnitude. In
order to give preference to heavy ions over more abundant, lighter elements, each
event satisfying the gate control logic was assigned a priority of 1 (highest priority) to
3 (lowest priority) according to the following logic:

P3 = GC = D1D2D3(K1+K2+S)

P2 = GC(K1M+K2M) A

PI = GC(K 1H+K2H+K3H+K4H+K5H+K6H+K7H+K8H)

Since the differential energy loss of a particle in one of the detectors increases as the
square of its charge, this logic utilizes the low, medium, and high level discriminator
thresholds to take advantage of the greater total energy deposited in a detector by a
penetrating heavy ion. The data in the Kevex detectors is approximately partitioned by
this scheme as follows:
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PI: Neon and heavier
P2: Helium through neon
P3: Protons

At the boundaries o f these domains there are events falling into two priority
classes, i.e. some neon is prioritized as P I and some as P2. Likewise, there is helium
in both the P2 and P3 priority classes. This comes from events whose energy deposits
lie just on one side o f the high or medium level discriminator thresholds.
For helium, there are two sources o f P3 events in the Kevex stack, at opposite
ends of the energy spectrum. Helium events just penetrating D6 and stopping in the
top of K l are flagged as P3 because their residual energy in K l is less than the 37
MeV threshold for the medium level discriminator (KIM). Additionally, the highest
energy helium events stopping near the bottom of the Kevex stack are moving at high
enough velocity through K l and K2 that their total energy deposits, too, in those
detectors drop below the 37 MeV K1M/K2M threshold and they fail the P2 logic, and
are thus P3 events.
Note that the ONR-604 priority scheme does not function at all in the PSDs. The
PI and P2 logic require passing discriminator threshold tests in the Kevex detectors.
Therefore, all particles stopping in the PSDs are prioritized as P3 regardless o f
species.
The implementation of the priority system to give preferential analysis to events of
higher priority is done as follows: if an event is found to be valid, its priority is
determined and the status of the analog multiplexer checked. If a MULTIPLEXER
BUSY bit is set, the digital logic assembly compares the priority o f the current event
with the stored priority o f the previous event. If the priority o f the previous event is
equal or higher than the current event, nothing is done; the multiplexer is allowed to
finish stabilizing and transferring data to the ADCs and the peak detector is permitted
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to be reset by the next incoming event That is, the current event is lo st On the other
hand, if the priority o f the current event is higher than that o f the previous even t a
hold command is issued to the peak detector sample/hold, the MULTIPLEXER
BUSY is overridden and the multiplexer switched to admit the new event The ADCs
are flushed and receive the new event's analog peak signals from the multiplexer.
This has implications for determining the instrument efficiency normalizations for
calculating the absolute flux of a species, as will be described in detail in Chapter 6.
Once ADC conversion is complete and the digital outputs are transferred to the 360bit readout buffer, either for telemetry to the groundstation or for output to the
onboard tape recorder, pulse height analysis is disabled by a command from the
readout multiplexer to the digital logic assembly until readout of the 360-bit buffer is
complete. During this time, however, the rate counters are not disabled and continue
to count each rate coincidence.
The coincidence rates are counted using a separate logic circuit, but the same
discriminator thresholds and, for the priority rates, the same logic conditions as the
digital logic assembly uses. As shown in Figure 2.9, the discriminator outputs are
branched and delivered both to the digital logic assembly and to the rate logic. There
are 16 rate accumulators, each with its own logic, shown in Table 2.3. The asterisks
in this table indicate that a coincidence rate may or may not include a S (“not S”)
condition for the guard counter in its logic. Which logic is used is communicated in
the form of a flag along with the rate sums when the contents of the rate accumulators
are telemetered to the ground or written to tape. Essentially, every other rate sum is
performed with the S condition in the logic, every other without.
Each rate accumulator counts events one by one, incrementing each time the
discriminator pattern o f a new charged particle event satisfies its logic. Every 4.096
seconds, the accumulators are log-compressed into log registers. These are passed
two at a time to the readout multiplexer for telemetry to the groundstation. The 360-bit
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Table 2.3 Coincidence rate logic.
Rate

Logic

D1

Dl

= D l D2D3S

D l*

D l*

= D l D2D3

D2

D2

= D1D2 D3D4S

D2*

D2*

= D1D2 D3D4

D4

D4

= D1D2D3D4 D5D6S

D4*

D4*

= D1D2D3D4 D5D6

D5

D5

= D1D2D3D5 D6K1S

D5*

DS*

= D1D2D3D5 D6K1

Kl

Kl

= D1D2D3K1 K2K3S

K l*

K l*

= D1D2D3K1 K2K3

K2

K2

= D1D2D3K1K2 K3S

K2*

K2*

= D1D2D3K1K2 K3

K3

K3

= DID2D3K1K3 K4S

K3*

K3*

= D1D2D3K1K3 K4

K4

K4

= D1D2D3KIK4 K5S

K4*

K4*

= D1D2D3K1K4 K5

K5

KS

= DID2D3KIK5 K6S

K5*

K5*

= D1D2D3K1K5 K6

K6

K6

= DID2D3K1K6 K7S

K6*

K6*

= D1D2D3K1K6 K7

K7

K7

= D1D2D3K1K7 AS

K7*

K7*

= D1D2D3KIK7 A

A

A

= D1D2D3K1K8A S

A*

A*

= D1D2D3K1K8A

Singles

Each detector’s singles rate, recorded every 16* rate record

P3

P3

= D1D2D3(KI+K2+S)

P2

P2

* D ID2D3(K1+K2+ S XK1M+K2M) A

PI

PI

- D 1D2D3(KI+K2+S)(K1H+K2H+K3H+K4H+K5H+K6H+K7H+K8H)
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readout requires 0.512 second, so the eight readouts o f two log registers at a time
require a total o f 8 x 0.512 - 4.096 seconds, which is why rates in ONR-604 are
averaged over this length of time.
Although it is shown implicitly in Table 2.3, it should be pointed out that under
this system, some rates are counted in each 4.096 second cycle, and others are only
counted some o f the time. The coincidence rates with and without the (*) symbol in
Table 2.3 are each summed, respectively, in half of the rate counting intervals. The
singles rate for any given detector is only summed in one out o f every sixteen 4.096
rate counting intervals. The total of sixteen detectors includes D1-D6, K1-K8, A, and
S. The singles rate of each of these is recorded in sequence, each appearing on the
tapes every 16* record.
During log compression, the rate accumulators are disabled for 7 msec. This is
another source o f instrument dead time that affects the calculation of particle fluxes.
Here note that, as previously mentioned, during transfer of the 360-bit readout
buffer to the buffer from which it is telemetered to ground, pulse height analysis is
disabled, while the rate accumulators are not disabled. This amounts to approximately
a 5% discrepancy in the amount of time during which the instrument is able to analyze
PI pulse height events, versus the amount o f time during which the PI rate counters
are active; the result is approximately a 5% instrument analysis inefficiency; i.e., only
about 95% o f incident PI particles, counted by the PI rate counter, are analyzed as
pulse height events. This is compensated for in absolute flux calculations by the
method described in Chapter 6.

2.5 Instrument Dead Times
As previously described, the instrument does not analyze every event entering the
stack, for a variety of reasons. Primarily, the normal operation o f the electronics with
finite processing times produces intervals when one or more o f the instrument's
functions is inhibited. For example, during in-flight calibration, the instrument
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performs no pulse height analysis and the rate counts that are collected are counts o f
calibration pulses, not physical events; the instrument is blind to incoming particles.
The phrase "dead time" will be used to refer to times when the instrument is
inhibited in one or more aspect o f its operation (pulse height analysis, or rate
counting, or both) due to the finite time required to process normal events and rate
counts, excluding in-flight calibration.
There are two types of dead time to be considered: pulse height analysis dead time,
and rate dead time. Simply stated, PHA dead time is any time during which PHA
analysis of charged particle energy deposits in the detectors does not take place. Two
examples have already been mentioned, namely that PHA is inhibited during transfer
of the 360-bit readout from the temporary readout buffer to the telemetry buffer, and
the 2.088 msec per valid PHA event during which both rate counting and particle
analysis are inhibited.
The latter is an example o f both PHA and rate dead time. Rate dead time is any
time interval when the ONR-604 rate accumulators do not count incoming rate
triggers. Rate dead time is o f greater significance than PHA dead time, in that PHA
dead time contributes instrument analysis inefficiencies in the form of physical events
missing from the instrument's measurements, while rate dead time affects the
normalizations used to correct for these inefficiencies. Thus rate dead time directly
affects the calculation of particle fluxes, hi calculating particle fluxes from the raw
counts observed of a particular species in a specified time interval, the time interval
used in the calculation must include only times when the rate counters are counting.
The reason for this is that, for particle counts in each of the three priority classes, the
ratio of total rate counts to total pulse height analyzed events o f the same priority is
used to correct in a single stroke for all instrument pulse height analysis inefficiencies.
For example, the 5% inefficiency in P I PHA analysis due to PHA dead time during
the 360-bit readout buffer transfer is corrected in the flux calculation by a normalizing
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by the l.OS ratio o f P I rate counts to P I pulse height events. This requires that the
time interval over which the flux calculation is averaged strictly exclude times when
the rate accumulators do not count, i.e., rate dead times.
There are four sources of non-calibration rate dead time, two of which have been
previously mentioned. As described, rate counting is disabled for 2.088 msec each
time a valid PHA analysis is performed on a charged particle. Rates are also not
counted for 7 msec each time the rates are log-compressed prior to telemetry. Log
compression occurs once per 4.096 second interval, the time over which rates are
summed. The two additional sources o f rate dead time are 24.5 msec during readout
of the log registers to the 360-bit readout buffer, which occurs every 0.512 second or
eight times per 4.096 second interval; and 12 /isec per individual rate count The 12
fi sec dead time for each accumulator represents the time needed for the detectors
themselves to become available again to new event triggers after an event is counted
by the rate accumulators. The four sources o f rate dead time are summarized in Table
2.4.

Table 2.4 Sources of rate dead time.
Dead Time

Occurs

Cause

12 /I sec

Once per rate count

Finite speed of detectors

7 msec

Once per 4.096 sec

Log compression of rates

2.088 msec

Once per PHA event

Transfer and ADC conversion of
detector analog pulses

24.5 msec

bnceperO .512 sec

Readout of compressed rate log
registers, two at a time
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2.6 Pre-flight Calibration at LBL
Calibration testing o f the ONR-604 instrument was performed using the heavy ion
beam of the Bevalac accelerator at Lawrence Berkeley Laboratory in November 1985,
and again in February 1989. Primary beams o f carbon, neon, and iron were used and
secondary beams produced by spallation in a polyethylene target. Beam energies
were mixed to better simulate the cosmic radiation by passing the beam through a
rotating aluminum absorber of continuously varying thickness. To test the PSDs,
runs were performed at varying angles of incidence to the telescope.
The goals of the calibration testing were to observe the overall response o f the
detectors to heavy ions with energies comparable to the cosmic rays; to verify the
correct function of the instrument logic; to test the energy, charge, and mass
resolution of the detectors; to test the response o f the PSDs for obtaining pathlength
corrections; and to observe the effect of intense low-energy background on instrument
performance.
Figure 2.10 shows instrument response in combined measurements from two runs
with a neon beam, one o f 350 MeV/nucleon and one o f 130 MeV/nucIeon. The sum
of energy deposits in D1 and D2 is plotted versus the sum of energy deposits in D3
through K8 (data in several of the remaining figures in this section are combined and
plotted in a similar manner). The plot shows separation o f elements and structures
that can be traced to the geometry of the detector stack. The domains of the individual
PSDs D3-D6 are clearly seen, and the existence of detector dead layers (the lithium
window shown in Figure 2.4) in the PSDs is visible in the slight cusps in the 20Ne
track between the domains o f events in each individual PSD.
Figure 2.11 shows the effect of the proton mode/heavy ion mode toggle in the PSD
discriminator thresholds. The beam is a secondary beam o f helium and hydrogen
produced by spallation o f a 130 MeV/nucleon neon beam at an angle o f 20° incidence
to the telescope. The top panel shows the response o f the instrument in proton mode,
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with the PSD thresholds set to the lower values in Table 2.2. The lower panel shows
the response in heavy ion mode, with the PSD thresholds raised to the higher value in
Table 2.2. The figure shows that hydrogen is effectively excluded when the
instrument is in heavy ion mode.
Figures 2.12 and 2.13 demonstrate the function o f the priority logic. In both
figures, energy deposited in K1 is plotted versus the sum of energy deposits in K2K8. In Figure 2.12, obtained from a neon beam, the lower panel shows the effect
when PI events are excluded from the data in the top panel. As mentioned
previously, neon is divided between the PI and P2 priority channels. The gaps in the
neon track in the lower panel represent the removed P I events.
Figure 2.13 shows the effect o f excluding P2 and P3 events from a data set
including P I, P2, and P3 data. The lower panel shows PI events only, combined
from runs with iron and neon beams, extracted from the frill data in the top panel.
Particles lighter than neon are effectively excluded, while those heavier than neon are
not affected by the PI selection. Again, the partitioning of neon is evident, partly into
PI and partly into P2. The events in the neon track in the lower panel of Figure 2.13
would occupy the gaps in the neon track in the lower panel o f Figure 2.12
Figure 2.14 demonstrates the mass and charge resolution of the instrument and the
effectiveness o f the PSDs in correcting for pathlength differences at different angles of
incidence. This capability was already shown in Figure 2.8 but is demonstrated for a
greater number o f elements in Figure 2.14. The top panel of Figure 2.14 shows wellresolved isotopes of titanium, vanadium, chromium, and manganese, measured as
secondaries from an iron beam fixed at 5° angle o f incidence to the telescope. The
lower panel shows the same isotopes obtained from a mixture o f runs at 5° and 20°
angle o f incidence, with energy deposits corrected for pathlength using the P/E
information from the PSDs. The mass resolution is seen to be similar in both panels

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39

1600 « FEB 8*

C R » £ S /lB l BUNS tS - 7 1 (3 S 0 A t 30 M«v/»1 WE BOM. CHEb KS«Mwm

1400
z

i

1200

1000

>

Ul

S00

'S

z

.

B

600

■',(^{q20

400

s
s

20 0

Twa ■* iew * '2Vw~

o
"km ‘ « ‘w ‘ a ’td * $4od ■Woo

1600

B

'sz

1400

■

1200

i
s

1000

■x~.
800

600

400

Nezo
5
.a

200

m

m

* :
120(5

itfOO ■ 54*66
3606 ' 3600
«'00 ' ifl'OO ' 5466"
K 2 :8 (MEV)
ID =K 2:8

6000

Figure 2.12 Bevelac neon data showing all events (top) and priority 2 and 3
events only (bottom).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40

2 eoo

24S0

2100k

1400

K1

fMEV)

1750

1050

700

350

n

n a

*

.

i 'a

•: . ' '
"*
H :

2600

-p»Q^W*iy|

2450

2100

1400

K1

(MEV)

1750

1050

700

350

O

575

its

-2.7 ' 3tS ‘ Zt5
K2:8 (GEV)

5.4

573 ' 7 5

ID=K2 :8

' ST

T.o

Figure 2.13 Iron and neon calibration beam data in K1 versus K2-K8. The
lower panel shows P I events only.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41

CKRES/LBL Ca u BWa TMM am S

200

rviiw

-

Counts

ISO -

12 0

-

Charge

CRRES/LBL C4U9WAnOH All 5 a n d 20 d« a. rwm

Counts

240

ISO

YSS'Sfci
Charge

Figure 2.14 Mass and charge resolution shown at different beam angles o f
incidence.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

42

o f Figure 2.14, indicating that the PSDs a re correctly identifying the incoming
particles' trajectories for pathlength correction.
To test the instrument's function in an intense environment o f low charge, low
energy radiation, runs were made measuring accelerator beams, with a 100 mCu 144Ce
source nearby, at various angles and distances to the telescope. It was found that the
instrument was capable of full normal function with D1 count rates as high as 104
counts/second, and that for background rates higher than this, only the signal in D 1
itself was significantly degraded. This is shown in Figures 2.15 and 2.16. The top
panel of Figure 2.15 shows data taken w ithout the low energy source; the bottom
panel, with the source. The duplication o f the prominent iron track, shifted vertically
downward, in the lower panel represents the degradation o f the D1 signal due to the
intense background. There is no disturbance of the tracks in the horizontal direction,
indicating normal function in K1-K8. Performance in K1-K8 is again demonstrated
in Figure 2.16, where energy deposited in K1 is plotted versus the summed energy
deposits in K2-K8, with (bottom) and w ithout (top) the cerium background source.
The presence o f the background source is seen to produce no significant degradation
in the performance o f the Kevex detectors.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43

5QOO.O|P16SCy?KlSR91.
.

4000.0

>

UJ

o0N
rM
1>
ooc
S

3000.0

0
GO
CD

1

2000.0

91
N
O
BO

1000.0

C
•v

w

, ••

V > ,;

' - . . f ' f - *...7.'— .

ji

'• *

_

rSr'-Z'SC ?**/ **
e*~-5000.0

zo
10000.0

K1:8(M EV)

15000.0

20000.0

25000.0

ID=K1:8

5000.0P 46 SCY?K 1SR9 ^ -

nn
*I
o
uc
n

4000.0

£

>

UJ

3000.0

0
U
!>l.

CJ

CM

in

31

CD

i

2000.0

a
a
I
1000.0

j>
e
Z

5000.0

10000.0

K 1:8(M E V )

15000.0

20000.0

25000.0

ID=K1:8

Figure 2.15 D1-D6 versus K1-K8 m atrix for iron beam events with no Ce
source (top) and with Ce source (bottom).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

44

K1SCVSK28R91

K1SC(MEV)

6000.0

4500.0

3000.0

10000.0

K 2:8(M E V )

15000.0

20000.0

ID =K 2:8

<1SCVSI^2BR94

KISC(MEV)

6000.0 ■
’

3000.0 >

15000.0

K 2:8(M E V )

it ;. f V r

20000.0

ID =K 2:8

Figure 2.16 K1 versus K2-K8 matrix for iron beam events with no Ce source
(top) and with Ce source (bottom).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter 3

The Natural Radiation Environment

3.1 Introduction
This chapter is intended to provide a survey o f the radiation environment encountered
by the CRRES satellite and the ONR-604 instrument. It is not comprehensive; many
sources of natural radiation present in near-Earth space, at energies higher or lower than
ONR-604 measures, lie outside the scope o f this work and are not discussed here.
Likewise the emphasis of this chapter will be primarily upon the outer regions o f the
orbit where almost all results presented in this work were measured. Trapped radiation
measured by CRRES in the inner portion o f the orbit has been reported by Chen et al.
(1994a). The radiation belts will be described briefly here, mainly to illustrate the extent
of the region in space dominated by trapped particles, where measurements of the
galactic cosmic rays and solar energetic particles must contend with the intense trapped
radiation background.

3.2 Orbit Characteristics
The CRRES satellite was in a geosynchronous transfer orbit with an altitude at
perigee of 350 km and at apogee of 33,600 km. The orbital inclination was 18.2°. The
satellite penetrated to the upper reaches o f the Earth’s atmosphere at perigee, while
extending at apogee into a region where the influence o f the Earth’s magnetic field is so
weak that the region can nominally be regarded as belonging to interplanetary space. At
perigee the spacecraft received the full shielding o f the Earth’s dipole magnetic field to
incoming charged particles; while at apogee it was exposed to radiation dosages
approaching interplanetary levels. Further, as the satellite traveled between perigee and
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apogee, CRRES passed through trapped radiation belts where the ONR-604 window
and the top detectors (e.g., those accessible to low energy particles) were subject to very
intense radiation dosages from trapped electrons and protons. Subsequent sections
describe generally the Earth’s dipole magnetic field, and the charged particle populations
contributing to the radiation environment encountered by the satellite in the different
regions o f its orbit.

3.3 The Magnetic Field o f the Earth
The Earth’s magnetic field has the form o f a magnetic dipole embedded within the
magnetized solar wind. The dipole axis is tilted by 11.5° relative to the Earth’s
rotational axis, and the dipole field is distorted by its interaction with the solar wind.
Figure 3.1 illustrates the basic features o f the magnetosphere in the meridian plane
parallel to the solar wind (Parks 1991). O n the sun side, the magnetosphere is
compressed by the solar wind. Since the Earth exceeds the speed o f sound in the solar
wind reference frame, a bow shock is formed on the sun side. Inside this is a turbulent
magnetosheath. Continuing towards the Earth, one encounters the magnetopause, the
boundary inside which the local magnetic field is dominated by the Earth’s field. The
magnetopause is typically located sunward at about 10 Earth radii on the equator (RE =
6375 km), although this distance can be reduced at times of intense solar activity. Since
the CRRES orbit remains within aboutl8° o f the equator, and a distance o f 10 RE is
nearly twice the satellite’s altitude at apogee, CRRES does not pass through the
magnetopause or leave the Earth’s magnetosphere.
Referring again to Figure 3.1, behind the Earth, the solar wind stretches the field
lines o f the geomagnetosphere into an elongated and nearly open tail. The geomagnetic
tail can extend at times beyond 200 RE. As increased solar activity compresses the
geomagnetosphere on the day side, so it drags the tail out to greater distances on the
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Figure 3.1 Illustration o f the Earth’s magnetosphere embedded within the
solar wind (Parks 1991).
night side. The detailed shape of the geomagnetosphere is therefore closely and
dynamically coupled with the activity of the sun.
Figure 3.2 shows magnetometer data measured by the Explorer XII spacecraft on an
inbound trajectory, on the day side, during a solar quiet period in 1961. Magnetometer
measurements o f the field strength are plotted versus radial distance from the Earth’s
center, while the smooth curve is a calculation of the field strength versus radius for an
ideal dipole magnetic field. The significant features to note are: (I) the magnetic field
conforms closely to a dipole inside - S RE; and (2) the field becomes irregular and
chaotic at about 8 RE. Beyond - 8 RE is the turbulent magnetosheath and inside this
distance the field is dominated by that of the Earth.
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Figure 3.2 Magnetometer data from an inbound spacecraft, illustrating the dipole
nature of the Earth’s magnetic field inside -5 REin the equatorial plane. The field
deviates significantly from an ideal dipole (smooth curve) beyond -6 RE (Cahill &
Amazeen, 1963).
Since the CRRES orbit extends at apogee only to slightly greater than 5 RE, Figure
3.2 demonstrates that the field encountered by the CRRES satellite during solar quiet
periods can be regarded as essentially dipole in nature. Following a large solar flare or
the arrival at the Earth o f a shock driven by solar ejecta, the field in the outer region o f
the CRRES orbit may fluctuate very rapidly and in complicated ways.
Due to the dipole shape o f the magnetosphere in the region accessible to the CRRES
satellite, it is often convenient to express location at a given time in terms of magnetic Lshell. An L-shell can be visualized as formed by rotating a dipole magnetic field line
360° azimuthally about the dipole axis. Mathematically, the value o f L is related to the
magnetic latitude X in geomagnetic coordinates by
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L = —- r COS A

(3.1)

While L is a diraensionless number, in the magnetic equatorial plane L has a numerical
value equal to the distance in Earth radii from the dipole center, i.e., at distance from the
center R, L = R/RE.
In the presence o f a dipole magnetic field, the Lorenz force on a charged particle
traveling transverse to the lines of a magnetic field produces a number of unique effects
that have a great influence on the near-Earth space environment Foremost among these
are geomagnetic trapping and geomagnetic cutoff. Since the 1950s it has been known
that the Earth is surrounded by toroidal regions where particles are stably or quasi-stably
trapped to form radiation belts (Van Allen 1958; White 1966). The most well-known of
these are the proton belt and the inner and outer electron belt, but helium can also be
trapped (Chen et al. 1994a), as can heavier ions (Mewaldt, Selesnick & Cummings
1996).
The effects of the dipole field of the Earth on a charged particle’s access to different
regions of near-Earth space, and the specific application to the study of cosmic rays,
have been subjects o f study for many decades (Stormer 1930; Lemaitre & Vallaita 1933,
1936a, 1936b; Lemaitre, Vallarta & Bouckaert 1935; Vallarta 1948). An electrically
charged particle cannot reach any arbitrary point in space in a dipole magnetic field.
Certain regions are prohibited to the particle due to its deflection by the field. The
greater the particle’s momentum, and the smaller its electrical charge, the greater its
penetrating power in a magnetic field. Thus the particle’s rigidity, the ratio of
momentum to charge, specifies its ability to penetrate a dipole magnetic field.
A particle’s geomagnetic cutoff rigidity is the lowest rigidity it can possess and still
reach a fixed point on the Earth’s surface. Conversely, for a specified rigidity, one can
express a cutoff location in the magnetosphere, In terms o f L-shell, as the deepest
location to which a particle of that rigidity can penetrate. Since the early studies o f the
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1930s, comprehensive maps o f geomagnetic cutoff rigidities have been made, based on
calculations of the trajectories o f particles o f different rigidities in a mathematical model
o f the Earth’s magnetic field (Shea & Smart 1967). Such calculations are valid primarily
for solar quiet times, when the Earth’s magnetosphere is unperturbed by large solar
flares, and only to the extent that the geomagnetic field model accurately represents the
field at the time (Shea & Smart 1975).

3.4 The Radiation Environment
Having briefly described the shape and extent of the magnetosphere and the effects of
geomagnetic trapping and cutoff, we now consider the sources of charged particle
radiation encountered by the CRRES satellite. These consist broadly o f the trapped
radiation belts, the galactic cosmic rays, the anomalous cosmic rays, and solar energetic
particles. The results presented in this work are primarily restricted to measurements
made at L > 6, but the radiation belts are described for completeness. The effort to
detect the anomalous component of helium (see Chapters 6 and 7) using the magnetic
field as a rigidity filter was significantly affected by the presence of the outer electron
radiation belt, so a brief description of the radiation belts is required.

3.4.1 The Radiation Belts
The dominant species o f trapped charged particle radiation in the geomagnetosphere
are electrons and protons. The general nature of the Figure 3.3 shows flux profiles as a
function of L-shell for electrons at energies from 0.04-4.5 MeV (each curve is labeled
with the particle energy). The profiles in Figure 3.3(a) were calculated using the AE-6
model (Teague et al., 1976) for the inner radiation belts, and those in Figure 3.3(b) were
calculated with the AE-4 model o f the outer belt. Updated models exist but these figures
show the general form of the electron belts during solar quiet conditions. Most notable
is the dip, or minimum, in the electron fluxes, for most energies found between L = 2.03.0, with separate flux maxima inside and outside this minimum. For
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Figure 3.3 Flux profiles from the AE-6 model for the inner electron radiation
belt (a) and from the AE-4 model for the outer electron belt (Spjeldvik &
RothweU 1985).
electrons at a single energy, one can thus picture two distinct radiation belts, an inner
and an outer belt.
In contrast to electrons, Figure 3.4 shows similar model calculations (from the
AP8MIN model, Sawyer & Vette 1976) which reveal that at a given energy, the proton
belt has a single flux peak, in contrast to the separate peaks of the inner and outer
electron belts. Again, this model is primarily valid for solar quiet conditions and is
specifically developed fo r the solar minimum phase o f the solar cycle. The
corresponding model for solar maximum, AP8MAX, accounts for some o f the
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Figure 3.4 Proton flux profiles from the AP8MIN model for solar minimum.
Proton energy is denoted for each curve (Spjeldvik & Rothwell 1985).
differences in solar-heliospheric conditions at solar m

a x im u m ,

but is still essentially a

static model of the proton belts.
Many species are represented in the trapped charge particle radiation in the Earth’s
magnetosphere, including helium and heavier ions. Chen et al. (1994a, 1996) described
the observation by CRRES o f a trapped helium radiation belt located between L = 1.0
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and L = 2.0. Actually, two separate peaks were observed at L = 1.2 and L = 1.9, but in
the region between these peaks, the instrument may have been unable to detect most
incident helium events due to pulse height analysis inhibition from the very high proton
count rates; it is therefore possible that ONR604 observed the inside and outside tails of a single helium radiation belt.
For species still heavier than helium, Cummings et al. (1993) reported geomagnetic
trapping of nitrogen, oxygen, and neon, in addition to helium, at about L=2, measured
with the SAMPEX experiment These measurements were taken during the phase o f
declining solar activity o f 1992-93, following the solar maximum period during which
CRRES was in service. Cummings et al. (1993) concluded that the origin of the trapped
nitrogen, oxygen, and neon was the anomalous cosmic rays, while the origin of the
trapped helium was inconclusive. The SAMPEX trapped anomalous component results
were summarized in a review by Mewaldt, Selesnick & Cumming s (1996).
From the standpoint of affecting the ONR-604 instrument’s performance, the electron
and proton radiation belts have by far the greatest influence on the instrument of all types
o f trapped radiation. In the previous chapter the “proton mode” o f the logic
discriminator thresholds was described; it is necessary inside about L = 5 to raise the
thresholds of the gate discriminators in order that the instrument is not effectively
blinded by the extremely intense fluxes of protons encountered in the inner
magnetosphere. In the previous section was also discussed the role of the intense
proton fluxes in the radiation belts in inhibiting analysis of all other P3 events, including
all particles stopping in D1-D6, by dominating the P3 logic channel with a constant and
intense influx of protons. Also mentioned was the masking o f the energy deposit
signals o f helium in the top few detectors (D1-D3) by electron pile-ups in the outer
electron b elt These pile-ups in the region around L = 4.5, where fully ionized galactic
cosmic ray helium is cut off by geomagnetic shielding, prevent the ONR-604 instrument
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from detecting the low-energy anomalous component helium that is able to penetrate to
lower L-shells. Thus the trapped electrons and protons represent a major challenge to
the ONR-604 instrument, and in some situations, limit its ability to detect and analyze
heavier species.
On 24 March 1991 the CRRES satellite witnessed a sudden and intense injection of
protons into the inner magnetosphere, forming a second, new proton radiation belt
between L = 1.8 and L = 2.6 (Mullen et al. 1991; Blake et al. 1992a, 1992b). A t the
same time there was also a strong injection of electrons. Remnants of the electron
injection from this event were measured by SAMPEX more than a year later (Looper et
al. 1994). This massive proton and electron injection coincided with a Sudden Storm
Commencement (SSC) in the magnetosphere caused by the arrival of a strong
interplanetary shock, presumably arriving from the sun.
One effect of the new proton belt was to increase the orbital dose rates encountered by
the instrumentation aboard CRRES by as much as two orders o f magnitude
(Gussenhoven et al. 1992). CRRES measurements o f trapped radiation revealed the
limitations of static radiation belt models such as those used to generate Figures 3.3 and
3.4. Those models are unable to account for large injections o f solar particles and largescale disturbances of the geomagnetosphere such as during a Sudden Storm
Commencement; consequently, they are likely to underestimate the dose rates
encountered by spacecraft at times o f high solar activity. Gussenhoven et al. (1993)
compared CRRES proton flux maps to calculations from the NASA AP8MAX model
and found that the model significantly underestimated dose rates in the inner
magnetosphere during solar active periods of the CRRES mission. CRRES proton and
electron observations provided stimulus for a new generation of refinements in radiation
belt modeling (Gussenhoven & Mullen 1993; Gussenhoven, Mullen & Brautigam 1996;
Hudson et al. 1996; Tverskaya 1996; Albert 1996).
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3.4.2 Galactic Cosmic Rays
Beyond approximately L = 5, and over most of the energy range in which the ONR604 instrument is sensitive, the charged particle population encountered by the CRRES
is usually dominated by the galactic cosmic rays (see review by Simpson, 1983). A
sample of the energy spectra o f several species in the galactic cosmic rays is shown in
Figure 3.5. Several important characteristics of the GCR are discernible in Figure 3.5.
First is that above an energy per nucleon o f several hundred to one thousand MeV, the
galactic cosmic ray spectra follow a power law of the form J = A ( E /E ^ . The power
law spectral index y is about 2.5 - 2.7.
The second prominent feature in Figure 3.5 is the marked attenuation of the spectra
below about 1 GeV / nucleon. This is a transport effect known as solar modulation and
arises due to the fact that the galactic cosmic rays must diffuse into the solar system
through the outflowing plasma o f the solar wind. The magnitude o f the solar
modulation effect varies over the solar cycle, suppressing the cosmic rays more at times
of increased solar activity (solar maximum) and less during the solar quiet phase (solar
minimum). Above roughly 1 GeV/nucleon (or somewhat less, depending on species
and solar modulation level), the spectra are essentially unaffected by solar modulation.
The solid curve in Figure 3.5 shows the shape of the unmodulated hydrogen spectrum
arriving at the solar system from interstellar space. This was obtained semi- analytically
from the measured spectrum at the Earth and a model of the solar modulation, inverting
the modulation effect to obtain the unmodulated spectrum. The unmodulated spectrum
obeys a power law essentially across its entire energy range.
Figure 3.6 shows a similar semi-analytic calculation of the cosmic ray helium
spectrum at two different points in the solar cycle, solar maximum and solar minimum.
One sees the appreciable difference in particle intensity at the low-energy end o f the
spectrum, depending on the level o f solar modulation. The solar modulation effect is
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Figure 3.5 The energy spectra o f galactic cosmic ray hydrogen, helium, carbon,
and iron. The solid curve shows the inferred local interstellar hydrogen spectrum,
obtained by unfolding the effects of solar modulation. All spectra show solar
modulation effect below ~1 GeV/nucleon. The helium spectrum displays an
anomalous component below -6 0 MeV/nucleon.

due to the fact that the galactic cosmic rays entering the solar system must travel
upstream against the solar wind plasma streaming outwards from the sun. The
aggregate effect seen in Figures 3.5 and 3.6 is a combination o f diffusion, convection,
and adiabatic energy loss, yielding a net suppression o f the particle spectra, as seen in
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the downturn at low energies in Figures 3.5 and 3.6. The difference between the curves
in Figure 3.6 reflects the lower level o f solar activity at solar minimum, thus reducing
the modulation effect on the galactic cosmic ray spectrum; compared to the higher level
of activity at solar maximum, where the galactic cosmic ray spectrum is more
suppressed.
A third characteristic o f the cosmic rays seen in Figure 3.5 (and in Figure 3.6 for the
solar minimum case) is an enrichment o f the helium spectrum at energies below about
100 MeV/nucleon, causing the spectrum to turn upwards again after it had turned down
due to solar modulation. This feature indicates an additional source of cosmic ray
helium known as the “anomalous component” The anomalous component is distinct in
origin from the galactic cosmic rays and will be described in the following section.
In addition to their power law spectra and suppression at low energy by solar
modulation, another distinctive trait of the galactic cosmic rays is their greatly enhanced
abundances, relative to the solar system, o f light elements such as lithium, beryllium,
and boron; and of elements just lighter than iron, such as scandium, titanium, vanadium,
chromium, and manganese. These are seen in Figure 3.7, which plots the solar system
and galactic cosmic ray relative elemental abundances on a common scale. The
overabundances shown in the galactic cosmic rays are due to the spallation of the more
abundant, so-called “primary species” such as iron, oxygen, and carbon in collision
with ambient interstellar matter in transit to the Earth.
The power law shape of the galactic cosmic ray spectra suggests acceleration by
shocks, and the overabundance o f spallation secondaries indicates passage through a
considerable amount of matter. Evidently the galactic cosmic rays originated very far
from Earth, outside the solar system A widely held view is that they represent matter
that has been swept up and accelerated by the expanding shocks from supernova

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10*
Helium, Solar Minimum

a
o

9)

pH

10‘

10*
ioH

0

y 10*

1

NIi

V

S

u
w
(V
n

ur

Helium,
Solar Maximum

iMnl

10H

S

to-*

E

10 - '

Kinetic E nergy (MeV/Nucleon)
Figure 3.6 Model calculations of helium spectra at
solar minimum and solar maximum. The solar
minimum spectrum shows the anomalous component
dominating below about 70 MeV/nucleon.

2 4 6 8 10 1214 16 IB 20 22 24 26 28

NUCLEAR CHARGE NUMBER

Figure 3.7 Cosmic ray abundances at 1 AU,
compared to solar system values. Diamonds are solar
system values, solid circles 70-280 MeV/n cosmic ray
data, and open circles 1-2 GeV/n cosmic ray data.
Data are normalized to Si = 100,

oo

59
explosions. After acceleration by such a shock, the particles are fully ionized and
propagate through the galaxy, nominally confined by the galactic magnetic field, but
with a finite probability of escape. Because, at the energies shown in Figure 3.5, the
gyroradius o f any stable fully ionized nucleus in the interstellar magnetic field is much
less than the distance between stellar systems, the cosmic rays arrive at the Earth bearing
no directional information to indicate their source. Likewise, due to the distances
traversed, the cosmic rays are devoid o f very short-lived spallation products such as
neutrons. The abundance of unstable secondary species o f intermediate lifetime, such as
10Be, when compared to the abundances o f stable or longer-lived species, provides a
parameter for measuring the confinement time o f the galactic cosmic rays in the galactic
magnetic field (Garcia-Munoz, Mason & Simpson 1977).
Because the galactic cosmic rays are fully ionized, their rigidity in the
geomagnetosphere is correspondingly low at the energies measured by CRRES, and
they are more easily deflected in a magnetic field than particles with greater mass to
charge ratio. Beyond about L = 5, there are no appreciable geomagnetic cutoff effects in
the cosmic ray fluxes encountered by CRRES. However, moving inwards (toward the
Earth) the galactic cosmic rays become depleted by geomagnetic shielding, and more or
less disappear altogether inside about L = 4.5. The precise location o f the cutoff
depends on the particle’s rigidity and its arrival direction. Particles arriving from the
west penetrate to lower L-shells than those arriving vertically or from the east. Cutoffs
for west, vertical, and east arrival as a function of MeV/nucleon are plotted in Figure 3.8
for fully ionized ions with a mass to charge ratio A/Z = 2. In contrast to this, Figures
3.9 and 3.10 show the corresponding cutoff shells for singly ionized helium (A/Z = 4)
and oxygen (A/Z = 8), respectively. Figures 3.8-3.10 demonstrate the much greater
depths in the magnetosphere to which partially ionized atoms can penetrate than can fully
charged nuclei o f the same species and energy.
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Figure 3.8 Geomagnetic cutoff L-shell versus energy per nucleon, for
particles with A/Z = 2, arriving from the east, west, and vertical directions.
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3.4.3 Anomalous Cosmic Rays
Within certain ranges of conditions as will be described below, the charged particle
environment at the Earth's location is dominated by a source commonly known as the
anomalous component, as mentioned previously. This nomenclature derives from the
time shortly after the discovery o f this component, when its origin was a mystery. It
was discovered in 1972 that the cosmic ray spectrum at 1 AU from the sun developed an
up-turn below about 60-100 MeV/n, similar to the shape shown in Figure 3.5. This up
turning feature in the spectrum can be resolved into a second, distinct modulated power
law spectral component, superimposed upon the galactic cosmic rays. The power law
nature of the anomalous spectrum suggests shock acceleration, although in a much
weaker shock than that which is inferred for the galactic component, as evidenced by the
low energy of the anomalous component. The anomalous spectrum has a larger spectral
index than the galactic component, i.e., a steeper spectrum. Thus the anomalous
component is only apparent at low energies where it becomes dominant in the aggregate
incident cosmic ray flux.
The intensity o f the anomalous component helium discovered the early 1970s began
to decrease again in 1979-80, disappearing during the subsequent solar maximum of
1981-83. It has been observed in each phase o f the solar cycle since that time that the
anomalous component to the cosmic ray spectrum disappears at solar maximum and
returns at solar minimum, rising and falling in intensity more or less smoothly between
these two extremes. Furthermore, the intensity of the anomalous component has a radial
gradient, increasing with distance from the sun (Garcia-Munoz, Pyle & Simpson 1990;
Cummings et al. 1997).
Later measurements revealed that helium is not the only element in the cosmic rays to
exhibit an anomalous component Anomalous components have subsequently been
measured, in addition to helium, for carbon, oxygen, nitrogen, neon, argon, and
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protons (Garcia-Munoz, Mason & Simpson 1973; McDonald et al. 1974; Hovestadt et
al. 1973; Cummings & Stone 1988, 1990; Christian, Cummings & Stone 1988, 1995;
McDonald, Lukasiak & Webber 1995). One characteristic common to all o f these
different elements is a relatively large first ionization potential, meaning the species is
more likely to be found in neutral atomic form in the interstellar medium.
These various features of the anomalous cosmic rays have yielded a model (Fisk et al.
1974) that accounts reasonably well for the anomalous component as it is observed.
The model envisions neutral atoms in the local interstellar medium. Being electrically
neutral, these atoms drift freely upstream against the solar wind plasma, approaching the
sun from interstellar space. As they draw nearer to the sun, the intensity both of the
solar wind and o f the solar ultraviolet radiation increases, and eventually, a neutral atom
is ionized, either by charge exchange with the solar wind or by photoionization by the
solar UV radiation. From the moment of ionization, the now electrically charged particle
is swept outwards with the solar wind. These ions are then accelerated in the bowshock
terminating the solar system (Fisk et al. 1974; Fisk 1976a, 1976b; Klecker 1977;
Pesses, Jokipii & Eichler 1981; for a review of particle acceleration in astrophysical
collisionless shocks, see Longair 1994).
As the intensity of the solar wind increases during solar maximum, the anomalous
component is more heavily modulated, until its flux levels drop below those of the
galactic cosmic rays and vanish. In the course of the solar cycle, with the return of the
less intense solar modulation at solar minimum, the anomalous component rises (at low
energies characteristic of its steep spectrum, roughly 10-100 MeV/nucleon for helium)
until it again dominates over the galactic component at low energy and the up-tum in the
combined particle spectrum reappears.
This model accounts for the limitation o f the anomalous component to only a few
elements through the observation that only elements with a relatively large first
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ionization potential appear to have an anomalous component Elements with a large first
ionization potential are more likely to be present as electrically neutral atoms in the local
interstellar medium, and thus more readily available for neutral drift through the solar
wind to form the anomalous component as described above.
A consequence of the model described in this section is that, unlike the fully ionized
nuclei of the galactic component, the anomalous cosmic rays are expected to be primarily
singly ionized (Klecker et al. 1995), and are thus much more rigid in the Earth’s
magnetic field than galactic cosmic rays o f equal energy per nucleon (note, however,
that Mewaldt et al. (1996) report evidence for a multiply charged component to the
anomalous cosmic rays). Returning to the comparison of Figures 3.8-3.10 in the
previous section, one finds that Figure 3.8 pertains to the fully ionized galactic cosmic
rays, while Figures 3.9 and 3.10 represent the geomagnetic cutoffs for anomalous
component helium and oxygen, respectively. The anomalous component is thus able to
penetrate more deeply into the magnetosphere than galactic cosmic rays o f the same
energy per nucleon.
Without this characteristic there would be no need to consider the anomalous
component at all in the timeframe o f the CRRES mission, because the 1990-91 period
when CRRES was in service fell completely within a period o f solar maximum
conditions. The anomalous component was therefore suppressed below levels
measurable against the galactic cosmic ray background. However, in regions of the
magnetosphere where the galactic cosmic rays are excluded by rigidity cutoff, the
anomalous component, in principle, may become the dominant source o f certain ions,
for species which have an anomalous component, and within the characteristic energy
range o f the anomalous component
In practice, however, even within the magnetosphere where galactic cosmic rays are
filtered o u t the anomalous component remains very difficult to detect with CRRES
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during solar maximum, for two reasons: (1) the ONR-604 priority logic assigns
anomalous cosmic rays the lowest analysis priority, P3, due to their low energy, which
causes them to fail the PI and P2 logic (cf. Section 2.4); this forces the comparatively
small numbers of anomalous component ions to compete for analysis time with the
much greater fluxes of protons that enter the instrument; and (2) the energy signal of
anomalous helium, the most abundant anomalous element, as deposited in the PSD
detectors, is low enough to be attainable through pile-up of trapped electrons.
Unfortunately, the transition region where galactic helium is cut off and anomalous
helium becomes dominant lies at about L = 4.5, in the heart o f the outer electron
radiation belt (cf. Section 3.4.1), where the -1 MeV electron environment is extremely
intense. These electrons enter ONR-604 fast enough to combine their energy deposits
within the gate period for the detector ADCs and mask the signal of the genuine helium
events in the uppermost detectors, D1-D3. Due to its characteristic energy, these are the
detectors (particularly D2 and D3) where most of the anomalous component helium
stops. Even for helium events penetrating into D4-D6, the lack of reliable energy
deposit and trajectory measurements in D1-D3 makes resolution of the helium against
the electron background largely impossible.
Meanwhile, aside from these pile-ups, the continuous, intense flux of protons (and
electron pile-ups) entering the instrument dominates the P3 logic channel and greatly
limits the access of other P3 events to analysis by the electronics. For detecting heavier
anomalous species such as oxygen, the electron pile-ups are not an impediment, as the
energy deposits made by ions heavier than helium are too large to be mimicked by
multiple electrons; but the competition with protons for analysis time nonetheless
reduces the already small numbers o f anomalous heavy ion events below reliably
detectable levels. Helium o f sufficient energy to satisfy the P2 priority logic is
detectable above the electron background, because the P2 logic generally excludes
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electron pile-ups. However, anomalous component helium is o f such low energy that it
mostly fails to satisfy the discriminator threshold for P2. It is P3 helium, which for the
most part includes the anomalous component, that suffers the double disadvantage o f
pulse height analysis inhibition due to large proton rates, and masking by electron pileup energy signals in the detectors.

3.4.4 Solar Energetic Particles
Solar energetic particles (SEPs) are a significant source o f the charged particle
radiation encountered by CRRES, due to the fact that the CRRES mission took place
during an interval of high solar activity, containing some o f the largest solar flares ever
recorded. Solar energetic particles are associated with transient solar phenomenon,
including both large solar flares and coronal mass ejections (CMEs) (Reames 1997,
1999), and are perhaps the least understood of the principle components o f the natural
radiation environment encountered by CRRES. The precise mechanism o f acceleration
is a subject o f much study and debate, but broadly, SEP events are often divided into
two classes, gradual and impulsive. Gradual events have a duration on the order of
days, typically have elemental and isotopic abundances similar to the solar corona, and
are associated with collisionless shocks driven by CMEs. Impulsive events have typical
durations of hours, and often are enriched in 3He and some heavy ions due to resonant
processes occurring at the site of a solar flare (Bai 1986; Reames 1988,1999; Temerin
& Roth 1992).
Gradual SEP events are currently interpreted as the product o f acceleration by large
shocks driven by coronal mass ejections (Reames 1990a, 1993; Kahler 1992,1994;
Gosling 1993,1994; Cliver 1996). The source population is a matter o f some question,
but most likely includes both solar wind and coronal material. Some studies o f SEP
heavy ion charge states have found that the thermal charge state o f the ions indicates a
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hot coronal source, as opposed to the relatively cool solar wind (Tylka et al. 1995;
Boberg, Tylka & Adams 1996).
Gradual events originate from locations on the sun spanning a broad band o f
heliolongitudes. This supports the hypothesis o f interplanetary shock transport, as
shocks can easily cross solar magnetic field lines, so that heliolongitudinal distributions
of gradual events are not biased by the constraints o f solar magnetic field (Reames
1995).
A corollary signature o f gradual SEP events is the observation in conjunction with the
associated CME o f type II and type IV radio bursts (Kahler et al. 1985; Cane 1985;
Bougeret et al. 1998; Hoang etal. 1998; Kaiser e ta l. 1998; Reiner etal. 1998). These
radio bursts are produced by the disturbance o f the ambient plasma by the passage of the
shock (Wild & Smerd 1972) and in the case o f CME-driven shocks are produced by
shock-accelerated electrons (Cane et al. 1981; Cane & Stone 1984; Kahler, Cliver &
Cane 1989).
A signature o f the shock itself is the onset at the Earth of a Sudden Storm
Commencement (S S Q , a geomagnetic storm caused by the
direct impact o f an interplanetary shock upon the Earth’s magnetosphere. Such an event
was witnessed by CRRES on 24 March 1991, as described in Section 3.4.1, and is an
unambiguous indication o f the arrival at the Earth o f a large interplanetary shock.
Gradual SEP events until recently were expected to exhibit particle abundances
reflective of the source population in the corona or the solar wind (Reames 1988).
However, some events show substantial deviations from coronal particle abundances
while otherwise exhibiting features characteristic o f CME-driven shock acceleration
(Clayton, Guzik & Wefel 1999). Recent studies have suggested a mechanism for a
transport effect that can produce substantial enrichments or depletions o f relative particle
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abundance ratios for particles with different charge-to-mass ratios (Reames & Ng 1998;
Reames 1999).
Impulsive SEP events are believed to originate in the magnetic loop region of a solar
flare in the low corona (Temerin & Roth 1992; Reames 1999). They are generally
observed from regions o f the sun that are magnetically well-connected to the Earth, due
to the fact that the plasma ejected by the solar flares is to a great extent constrained to
travel along the solar magnetic field lines. This biases the heliolongitudinal distribution
of impulsive events witnessed from the Earth in favor of events from the magnetically
well-connected solar western hemisphere (Reames 1995). Charge states o f heavy ions
from impulsive events tend to be higher than those from gradual events, reflecting the
higher temperatures at the solar flare site where the impulsive SEP population originates.
Impulsive flares events are associated with high electron fluxes and type HI radio bursts
produced by these electrons (Reames, 1990a). They frequently exhibit enrichments of
3He and Fe/O, which are believed to be the product o f resonant heating o f certain species
in the hot plasma at the flare site (Temerin & Roth 1992).
Impulsive events are sometimes accompanied by gamma rays produced by nuclear
de-excitation o f solar nuclei bombarded with energetic protons accelerated in the flare.
Since flare particles travel along solar magnetic field lines, some of the accelerated
particles precipitate downwards towards the sun and collide with the solar material. The
resulting gamma ray spectral lines provide an indication o f the composition o f the
particles accelerated in the flare (Van Hollebeke, McDonald & Meyer 1990; Murphy et
al. 1991; Share & Murphy 1995; Murphy et al. 1997; Ramaty et al. 1997).
Large SEP events often have elemental abundances that are organized by first
ionization potential. Figure 3.11 shows the average SEP abundance relative to the local
galactic cosmic ray population, versus first ionization potential (FIP) o f the element, for
a number of heavy ion species. Those with low FIP are seen to be enhanced in the
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SEPs. There are suggestions that this enhancement is reflective o f the source population
and not a product o f the acceleration mechanism (Guzik 1988).
The gradual/impulsive dichotomy o f SEP events is, like many aspects o f SEP
acceleration, not as clear in every case as in others. There are events that exhibit
characteristics identified with both classes o f SEPs. CRRES was in flight during two
periods of very large SEP events, March 22-28 and June 1-19, 1991. The ONR-604
measurements made during these solar events will be presented in detail in chapter 6. A
survey of concurrent observations of related solar phenomena (radio bursts, gamma
rays) compared to the CRRES measurements finds that
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Figure 3.11 SEP abundances relative to the galactic cosmic rays, versus first
ionization potential. Normalization is Si = 1. Dashed error bars reflect uncertainties
in the galactic abundances (Guzik 1988).
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the “classic” signatures of gradual and impulsive SEP events are sometimes present in
the same events (Clayton, Guzik & W efel 1999).
Ambiguities may arise in measured abundances due to the injection o f impulsive, solarflare enriched particles as a seed population into CME-driven shocks, for subsequent
transport to the Earth with associated gradual SEP characteristics. The rigiditydepended transport effects producing apparent enrichments o f certain particle ratios
(Reames & Ng 1998, Reames 1999) have also led to some confusion o f gradual and
impulsive event signatures.
Satellite measurements of large SEP events have mostly been made at energies of ~110 MeV/nucleon by experiments such as Helios 1 and ISEE-3. The ISEE-3
measurements were unable to resolve 3He/4He ratios lower than about 0.1. ONR-604,
on the other hand, can resolve 3He/4He ratios down to about 0.002, in an energy range
from 50-110 MeV/nucleon. Thus the CRRES observations examine a higher energy
region of the SEP energy spectra, and with higher isotopic resolution, than most
previous experiments.
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Chapter 4

The CHIME Model

4.1 Modeling the Radiation Environment
As a tool for calculating the combined effects o f heavy ions (helium and heavier)
from all major sources, i.e., the galactic cosmic rays, the anomalous component, and
solar energetic particles, upon the electronics o f spacecraft in near-Earth orbit, the
CRRES/SPACERAD Heavy Ion Model o f the Environment (CHIME) w as developed
(Chenette et al., 1994). Figure 4.1 is a flowchart illustrating the major modules o f the
model. CHIME incorporates local interstellar spectra for both the galactic and
anomalous cosmic rays, obtained either from galactic transport calculations o r from
de-modulation o f spectra measured in the solar system; a model o f solar modulation;
CRRES measurements o f solar energetic heavy ions during its mission; and
geomagnetic cutoff effects (which vary as a function o f the spacecraft’s orbit; cf.
Heinrich & Spill 1979).
The CHIME m odel employs the cyclic variation of the solar modulation to
extrapolate, based on previous solar cycles, a predicted level of solar modulation
forward in time to the year 2010. This allows a calculation of the galactic and
anomalous component contributions to the radiation environment that varies
realistically with the solar cycle. The occurrence of major SEP events such as that o f
March 1991, cannot be reliably predicted given the current understanding o f solar
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physics, but the CHIME model allows for the inclusion o f SEP fluxes based upon
March or June 1991 SEP measurements by CRRES, or an average level of SEP
activity during the CRRES mission, or upon an analytic solar fluence model.
Alternatively, solar energetic particles can be excluded from the CHIME calculations
for modeling of solar quiet periods.
In addition to predicting future radiation levels, the model accurately characterizes
the radiation environment at any time in the past, extending back to 1970. Much o f
the impetus for this effort was the need for a predictive capability to forecast the
intensities of radiation encountered by spacecraft during a planned space mission. A s
such the model extends beyond the prediction of charged particle intensities and also
generates Linear Energy Transfer (LET) spectra for characterizing the deposit o f
energy in materials exposed to energetic radiation, and estimates Single Event Upset
(SEU) rates (random transition o f logic states in digital electronic components due to
the passage of radiation through the semi-conducting material). The LET and SEU
analysis was not part of the work for this dissertation and its detailed description is not
included here. Those results are described in Chenette et al. (1994) and Chenette,
Guzik & Wefel (1994).
The two major phases o f the development of the CHIME model to be described in
this chapter are: (1) determining the level of the solar modulation as a function o f
time; and (2) establishing the local interstellar spectra o f the galactic and anomalous
cosmic rays, at the edge o f the heliosphere, before solar modulation. When combined,
these two steps fully characterize the cosmic ray environment, in times of low solar
activity and the absence o f large solar flares.
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4.2 Time-Dependent Solar Modulation
This section will describe the work to develop a model o f solar modulation capable
of reproducing modulation effects for any specified time in the solar cycle. The model
was based on IMP-8 helium and has its basis in actual data extending back to 1973.
To this was added a predictive capability based on the cyclic nature o f the solar
modulation, enabling the model to predict levels o f solar modulation as far in the
future as the year 2010.

4.2.1 The Radial Dependence of the Diffusion Coefficient
In the spherically symmetric diffusion-convection model (SOLMOD) used to
calculate the effects o f solar modulation, the effect o f the solar modulation can be
characterized in a single parameter, 4>, where
(4.1)
Here the integration variable r is the radial distance from the sun and V(r) is the solar
wind speed. V(r) at during solar quiet times is reasonably close to a constant with a
value, independent o f r, o f 400 km/sec; however during active periods, V(r) can
increase to as high as -1200 km/sec. The quantity Jc(r) is the diffusion coefficient; r0
is the heliospheric radius at w hich the solar modulation level is sought (in our case, the
location o f the Earth, 1 AU from the sun); and L is the distance from the sun to the
boundary o f the heliosphere. The true physical scale o f the heliosphere is not
precisely known but for this w ork an estimated radius o f L = 70 AU was used.
Cummings, Stone & W ebber (1993) estimated the distance to the termination shock as
62 ± 2 AU, based on measurements from Voyager 1, Voyager 2, and Pioneer 10. In
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Evenson e t al. (1983) using this model, the radial dependence o f it(r) was given the
form K:(r) ~ exp[(r —r»)/29], where again, r0 is the location to which the modulation is
calculated, in this case 1 AU. However, the solar modulation can be well
approximated as a function only o f the integrated value o f <X> (this is referred to as the
“force field approximation”), so that as long as modulated theoretical galactic cosmic
ray spectra agree with empirically observed spectra, the precise form o f the radial
dependence o f the diffusion coefficient is not crucial. In later work, Garcia-Munoz et
al. (1990) used a diffusion coefficient that was radially independent. In solar
modulation calculations done at LSU, the diffusion coefficient was taken to retain its
exponential form as above, but a more gradual radial gradient was adopted by
changing the constant in the exponential to give x(r) - exp[(r —ro)/1000]. This was
done to achieve better agreement of the modulated model spectra with spectra
measured at multiple locations in the heliosphere aboard spacecraft, such as the
Voyager probes, that provide data at varying distances from the sun. The better fit
given by this form of the diffusion coefficient is mostly seen at low energies for
species that exhibit an anomalous component, when observed and compared at a
variety o f radial distances from the sun. This fitting work will be demonstrated in the
next section.

4.2.2 Helium Flux as an Index of the Solar Modulation
Once the form of the diffusion coefficient is decided, the SOLMOD program to
calculate modulated cosmic ray spectra is ready to use for the task o f determining the
time dependence of the solar modulation over the solar cycle. The time-plot of <f>,
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one o f the significant products o f the CHIME model effort, is shown in Figure 4.2.
The process through which this was developed will now be described..
The basic premise of this step is to identify a solar-heliospheric parameter that can
be easily measured, and which with reasonable sensitivity reflects the extent of the
solar modulation in its own measured values. This parameter can be used as a proxy
to determine the level of the modulation.
There are any number of possible candidates for physical measurements that reflect
the effects o f solar modulation. Two such phenomena are shown in Figure 4.3. The
figure show the modulation parameter, O , in the bottom panel; the integral 70-95
MeV/nucleon helium flux, measured with the University o f Chicago Charged Particle
Instrument aboard the IMP-8 satellite, in the middle panel; and count rates, scaled to
1954 solar minimum levels, of the Climax ground-based neutron monitor, in the top
pane. The neutrons counted by the neutron monitor mostly arise in the upper
atmosphere from the collision of galactic cosmic ray protons with atmospheric
particles. It is seen in Figure 4.3 that both the neutron monitor counts and the 70-95
MeV/nucleon helium flux follow, in an inverse fashion, the general form of the
modulation parameter. This is reasonable, since the protons yielding the neutron
counts and the IMP-8 helium are both modulated in the same manner. However, the
two phenomena, neutron counts and helium flux, do not follow exactly the same
pattern and one must choose between them, or choose another similar parameter, from
which to derive <&. The essential difference between them is the difference in rigidity
between helium (A/Z = 2) and protons (A/Z = 1). A solar modulation parameter based
on helium will yield better agreement with observations for other species with
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Figure 4.2 CHIME model solar modulation level as a function of time, from 1973-2010,
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A/Z equal or nearly equal to 2 than one based on neutron counts derived from protons
with A/Z = 1.
Both neutron counts and IMP-8 helium have one important advantage that makes
them ideal for the purpose o f tracking the solar modulation over long timescales: their
data sets exist over a long period o f time. IMP-8 data is available back to the early
1970’s, and neutron monitor data extends back even farther. Thus one is able to
observe a complete 22-year solar cycle in both data sets.
The IMP-8 helium was chosen as the basis for determining 4>, for several reasons.
In the 70-95 MeV/nucleon energy range, the helium flux is quite sensitive to solar
modulation and thus responds well to reflect changes in modulation level. Helium in
this energy range is reasonably intense and thus provides good analysis statistics.
Furthermore the data from IMP-8 is easily obtained through the University of Chicago
and is available in several different energy bins to provide flexibility in choosing the
most optimal energy range o f helium to employ.
In C hen et al. (1994b), at an earlier stage of this work, results similar to Figure 4.3
were shown, displaying the IMP-8 25-93 MeV/nucleon helium alongside the
modulation parameter and the neutron monitor counts. Initially it was attempted to
employ the IMP-8 helium in this lowest integrated energy bin in order to obtain the
greatest sensitivity o f the helium flux to solar modulation. Recall that the lowest
energy portion o f the particle spectrum is that which is most strongly affected by
modulation; thus one desires to use the lowest possible energy range for the proxy
particles in analyzing the solar modulation.
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However the use o f the 25-93 MeV/nucleon helium was complicated by the
“contamination” o f the IMP-8 data in this range by the anomalous component. The
method to be described of deriving the solar modulation from the measured helium
spectrum requires that the helium data be of pure galactic cosmic ray origin. The
process of extracting

from the IMP-8 helium initially was performed without

accounting for the anomalous component. It is simpler, more straightforward, and
more reliable to obtain a set o f pure galactic cosmic ray helium to use for this purpose
than to carry along components from different sources throughout the 4> derivation
analysis. However, at solar quiet times, helium in the energy range 25-93
MeV/nucleon contains significant levels of anomalous component particles. This
discrepancy degraded the correlation between the modulation parameter, derived
without inclusion o f the anomalous component, and the IMP-8 helium.
To correct this, the energy range over which the EMP-8 helium data was selected
for the derivation o f

was changed from 25-93 MeV/nucleon to 70-95 MeV/nucleon.

Excluding helium in the range from 25-70 MeV/nucleon was intended to avoid mixing
o f galactic and anomalous component helium in the IMP-8 data. Figure 4.4
demonstrates this. The figure shows a model calculation o f the combined galactic and
anomalous helium spectrum, at a solar modulation level o f d>= 500 MV, which
corresponds to solar minimum when the anomalous component is prominent. The
cross-hatched strip on the figure indicates the 70-95 MeV/nucleon integration range
over which the IMP-8 instrument collected the helium data to be used for the
derivation of. d>. Notice that the cusp where the spectrum turns upwards, where the
anomalous component begins to dominate over the galactic component, lies just below
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the 70 MeV/nucleon threshold. Figure 4.4 demonstrates why the 70-95 MeV/nucleon
data were selected as a basis for determining d>.
A further refinement to the IMP-8 data is necessary in order to avoid contamination
o f the helium from solar energetic particles. Solar helium is even less desirable in the
helium data used to derive O , since it does not originate outside the heliosphere and is
not affected by solar modulation. Solar helium is a transient component that does not
correlate directly with <£. It must therefore be excluded from the helium database
used for deriving

This is achieved by means o f two cuts. First, a selection was

made only o f IMP-8 data from days designated as solar quiet days. The assignment of
quiet or unquiet status was made on a daily basis at the University o f Chicago and
indicated in the same data files containing the helium fluxes. Data from unquiet (solar
active) days was thrown out. Second, a threshold cut was applied to exclude any
spikes in the helium fluxes rising over the daily average level of 6 x 10‘1 (m2 sr sec
MeV/n)'1. The results o f these two cuts are seen in Figure 4.5. Panel (a) shows the
IMP-8 helium data (combined from daily into monthly averages for plotting) as taken
directly from the IMP-8 database, and panel (b) shows the same data after the two cuts
just described. All spikes but the last three, one in late 1989 and two in m id-1991,
were eliminated by the quiet-time cut. The threshold cut eliminated these final three
spikes, which are clearly not o f galactic origin and most likely solar particles from
times of solar activity that were misidentified as quiet times.
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4.23 Derivation of $ from the IMP-8 Helium Data
Once the set o f IMP-8 helium is chosen, cleaned, and the energy range fixed, the
procedure to derive 0 from this data can begin. One final component necessary to the
derivation is a known local interstellar spectrum o f helium (LIS), unmodulated, as
would be measured in interstellar space outside the influence of the sun’s heliosphere.
The choice o f this local interstellar helium spectrum will be described later in this
chapter. As a starting point, a spectrum was taken from Garcia-Munoz, Pyle &
Simpson (1990) that was derived by beginning with a measured helium spectrum at 1
AU and a solar modulation model, and “demodulating” or inverting the solar
modulation calculation to obtain semi-analytically the interstellar helium spectrum.
Beginning with the LIS, what was done first was to perform modulation
calculations with the LIS as an input, using a large grid o f modulation parameter
values, i.e. values of d>. This was done with the LSU SOLMOD spherically
symmetric solar modulation code. Each run of SOLMOD, using the same LIS and a
different value o f 4>, yielded a modulated helium spectrum corresponding to a
different level of solar modulation.
F or each o f these modulated spectra, one then examined the energy range 70-95
MeV/nucleon. Integrating one spectrum, corresponding to one value of d>, over this
energy range and dividing by the width, 25 MeV/nucleon, provides the average 70-95
MeV/nucleon helium flux that is unique to that specific value of the modulation
parameter 0 . Doing this for each o f the modulated spectra generated by the
SOLMOD runs produces a table o f values o f 70-95 M eV helium flux versus 0 . This
table is shown graphically with a smooth curve connecting its points in Figure 4.6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

Figure 4.6 links a measured 70-95 MeV/nucleon flux directly to the value of the
solar modulation parameter d>. All that remains is to take each value o f the IMP-8
helium flux shown in Figure 4.3 and extract by interpolation a value o f <P,
corresponding to the measured helium flux, from the data shown in Figure 4.6. This
completes the determination o f <I> from the 70-95 MeV/nucleon helium.

4.3 Determining the Model’s Local Interstellar Spectra
Combined with a complete model of the time-dependency o f the solar modulation,
accurate knowledge of the unmodulated local interstellar spectra o f all cosmic ray
species included in the CHIME model allows the model to determine the cosmic ray
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Figure 4.6 Helium 70-95 MeV/nucleon flux versus solar modulation parameter G>.
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ion fluxes at 1 AU at any point within the time range o f the model (1970-2010). The
LIS must be derived separately for each cosmic ray species, and for both the galactic
and anomalous component.

4.3.1 The Galactic Cosmic Ray LIS: Propagation
The local interstellar spectra o f the galactic cosmic rays were determined by a full,
detailed simulation of cosmic ray propagation in the galaxy, described extensively in
Garcia-Munoz et al. (1984, 1987). The development o f the propagation model
predates the work done for this dissertation and in extent goes beyond the scope o f the
present discussion; it is therefore only described briefly. Its results are of greater
consequence to the CHIME model than its detailed workings. The propagation model
is a simulation o f the propagation o f charged particles, from whatever source, with a
given set o f initial or “source abundances,” and “source spectra,” through the galaxy
until they are measured at the Earth. During propagation, cosmic ray ions interact
with the interstellar medium; some fragment, producing daughter species; some of
these fragments in turn may decay radioactively. Some particles are lost as they
diffuse out o f the galaxy and escape its magnetic field. The energy spectra of the
particles are altered by ionization energy loss through interaction with the interstellar
medium. Furthermore, some particles arrive at the Earth after traveling a relatively
short distance through the interstellar void, while others may have traveled much
farther. The trajectories of cosmic rays arriving at the Earth bear no information about
their direction o f origin; the gyroradius of a fully stripped proton in the galactic
magnetic field is much less than typical interstellar distances, and thus the particles
arrive isotropically. Nothing is known about their point o f origin or distance traveled,
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so the propagation effects must be accounted for in terms o f averages and distributions
to produce the spectra that are observed at the Earth.
The essential components o f the propagation simulation are thus as follows: a set o f
presumed source abundances and energy spectra for the primary species of the galactic
cosmic rays; a table of interaction cross sections (total, charge-changing, and masschanging) and radioactive decay parameters for the many different reaction channels
of particles fragmenting in the interstellar medium; an assumed composition of the
interstellar medium; tables of ionization energy loss, which affects the energy spectra
of different particle species differently; and a pathlength distribution to account for the
varying numbers o f particles reaching the Earth that have traversed different
pathlengths o f interstellar material.
Finally, the local interstellar spectra generated by the propagation model are fed into
SOLMOD, the model of solar modulation, to produce spectra at 1 AU that can be
compared directly to near-Earth measured cosmic ray spectra to validate the model.
These various elements are chosen with every effort devoted to achieving
agreement between the solar modulated particle spectra and ion ratios at 1 AU and
actual observations. Interaction cross sections, radioactive decay times, and such are
taken from experimental measurements in every possible case; otherwise they are
filled in from theoretical calculations. The composition o f the interstellar medium is
based on the best estimates o f observational astronomy. The pathlength distribution is
chosen to reflect the best current models o f particle confinement in the galaxy and
near the acceleration site o f galactic cosmic rays. Finally, the source abundances and
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source spectra are “free parameters,” adjusted as necessary to achieve the best fit with
observational data.
Figure 4.7 shows experimental data for several galactic cosm ic ray species, with
smooth lines passing through the data points representing propagation model
calculations. This figure is similar to Figure 3.5 except that m odel calculations of the
spectra are superimposed upon the measured spectra for all species shown. At the
stage in the work when these calculations were made, the model did not yet account
for the anomalous component in the helium spectrum, and one sees that the calculated
spectrum fails to reproduce this feature o f the measured helium spectrum. This was
corrected later, as described in the next section.
Figure 4.8 shows, in the top panel, the fit o f one critical ion ratio, B/C, with the
smooth line representing the results o f the model calculation. This ratio is important
because boron is a pure secondary species in the galactic cosmic rays, i.e. produced
purely through interactions of heavier species in the interstellar medium; while carbon
is a primary species accelerated at the galactic cosmic ray source. Their ratio therefore
reflects sensitively the basic galactic physics of pathlength distribution and galactic
magnetic confinement o f the cosmic rays. The agreement o f the model results for the
B/C ratio with observations supports the validity of the propagation model.
The bottom panel o f Figure 4.8 shows the propagation model fit to the ratio of sub
iron species to iron, “sub-Fe/Fe.” This ratio is important because it is sensitive to the
relative abundance o f short pathlengths in the distribution o f pathlengths traversed by
the galactic cosmic rays in transport to the Earth; this is due to the larger total inelastic
cross section o f iron compared to that o f C and O (Garcia-Munoz et al. 1987). The
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propagation code fits measurements o f this ratio well at energies above 1
GeV/nucleon, but is less successful at fitting the sub-Fe/Fe ratio at lower energies.
The CHIME m odel requires only the local interstellar spectra o f the galactic cosmic
rays as an output o f the galactic cosmic ray propagation model. The propagation
model itself is therefore not an integral part of CHIME. It provides the galactic
cosmic ray spectra as one o f the building blocks on which the CHIM E model is based.
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4.3.2 The Anomalous Component LIS
Figure 4.7 showed that, without the inclusion of the anomalous component,
agreement between the measured helium spectrum and the galactic cosmic ray
spectrum may be poor at low energy for certain species (helium, specifically, in Figure
4.7). But the anomalous component is of local origin in the neighborhood o f the sun
and has no relation to the interstellar propagation of the galactic cosmic rays, so it
cannot be calculated with the galactic propagation model. Obtaining the anomalous
component local interstellar spectra required a separate analysis.
As described in Chapter 3, only certain species have an anomalous component.
Furthermore, only some of those which have an anomalous component are abundant
enough that its inclusion or omission from the CHIME model makes any practical
difference to the model’s task of characterizing the space radiation environment. The
elements for which the realistic inclusion o f the anomalous component in the CHIM E
model was considered essential were helium, oxygen, nitrogen, and neon.
The helium LIS was provided by the team at Chicago (Garcia-Munoz, Pyle &
Simpson 1990) by means of unfolding the measured helium spectrum at 1 AU into a
superposition o f the galactic and anomalous component, then demodulating the
anomalous component. Similar analysis yielded the anomalous oxygen LIS (GarciaMunoz, private communication). Subsequently, the spectra for nitrogen and neon
were derived by assuming the same spectral shape as oxygen, and normalizing th e
spectral amplitude as appropriate to achieve the best fit with various observational
measurements. This assumption o f a common spectral index with oxygen was n o t
made without first trying to achieve a better fit to the data by varying the spectral
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shape. Extensive trials with various spectral shapes for nitrogen and neon determined
that the best fit was achieved by a straight normalization o f the oxygen spectrum.
To test these spectra, as well as the assumptions adopted about the radial
dependence o f the solar modulation diffusion coefficient and the radius of the
heliosphere, modulation calculations were done with both the anomalous and
corresponding galactic LIS as input, and the two combined after modulation, for each
of the four species given an anomalous component as described. The modulation
calculation can specify where, or to what location in the solar system, the modulation
is to be performed; i.e., the LIS can be modulated all the way inwards from the
heliospheric boundary to the Earth at 1 AU, or the calculation can be stopped at 20 AU
if desired. Using cosmic ray data from deep space probes provided a check of the
model at different heliospheric radiuses. The final LIS input spectra were chosen to
provide the best overall fit with measured data at all heliospheric radii. Figure 4.9
shows the anomalous component local interstellar spectra finally adopted for the
CHIME model. Figures 4.10-4.16 show the fits performed, for oxygen, nitrogen, and
neon, with experimental data to verify the validity of the LIS. The smooth lines are
the modulated calculated spectra and the points are measured data. All the fits are
reasonably successful except those for
oxygen at 21 A U (Figure 4.12) and for nitrogen at 21 AU (Figure 4.14). These
discrepancies m ost likely reflect the gradients and/or temporal variations in the solar
modulation o f the anomalous component at large distances from the sun that the
steady-state SOLM OD simulation does not account for.
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4.4 CHIME Model Summary
The two major elements described above, determ ining the solar modulation level as
a function o f time, and determining the local interstellar spectra o f the galactic and
anomalous components o f the cosmic rays, form the backbone of the CHIME model.
Combined they fully characterize the space radiation environment in terms of charged
particle fluxes at 1 AU from the sun, at any time or point in the solar cycle that the
model user specifies. Final delivery of the model, w ith a user’s guide and a
simplified, interactive user interface, was made to the U.S. Air Force, Phillips
Laboratory, (Hanscom AFB, MA) in 1995. The CHIM E model and its forerunner
versions were used extensively throughout all aspects o f this work pertaining to solar
quiet times to provide a reliable predicted baseline for comparison to measured data
(CHIME calculations are seen extensively in the figures in Chapter 7, showing
CRRES quiet-time particle fluxes). The model was also used extensively in support o f
the Clem entine-1 mission to predict the radiation environment that mission
encountered (Guzik, Clayton & Wefel 1994).
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Chapter 5

CRRES Data Reduction

5.1 Introduction
This chapter will describe generally the path followed by the CRRES data, from
transmission from the satellite until it is packaged and broken down into the files and
formats used for the actual data analysis, which will be described in Chapter 6. The
most daunting tasks o f sorting, organizing, and formatting the CRRES data as received
from the satellite were performed at the University of Chicago Laboratory for
Astrophysics and Space Research. This effort was documented very thoroughly in a
122 page memorandum by Mr. Eugene Murphy (Murphy 1991). The current chapter
does not reproduce the contents of that document in full detail; rather it is intended to
illustrate the processing that was necessary to reduce the CRRES data to useable form
prior to detailed analysis.

5.2 Data Telemetry and Remote Tracking
The agency with primary responsibility for receiving data directly from the CRRES
satellite for distribution and analysis was the Air Force Geophysics Laboratory,
Hanscom AFB, Massachusetts. Data was transmitted from the satellite from onboard
magnetic tapes and recorded at any of several Department of Defense remote tracking
stations (RTS).
Telemetry to the RTS was done during a satellite “pass,” which was scheduled such
that the satellite would be in a location visible to one o f the RTS stations in the Air Force
network. Each pass had also to be coordinated with the schedule of the tracking
stations, which were responsible for tracking many other satellites besides CRRES.

99
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Telemetry passes lasted about 37 minutes and were generally conducted once per orbit
Passes were not timed precisely at the same part o f the orbit on all occasions; but
generally they were scheduled when the satellite was near apogee. The AFGL defined
one CRRES “orbit” as beginning and ending at perigee, so that two successive telemetry
passes were required to complete the data for a single o rbit
The data was transmitted from an onboard magnetic tape recorder. CRRES had two
such recorders, so that one was able to continue recording data while the other was
downloaded. In this way data coverage was not compromised by the telemetry process.
There were a number o f experiments aboard CRRES besides ONR-604. AFGL
sorted the data from each experiment and placed it in a single file for each orbit along
with certain spacecraft engineering and housekeeping information. Separate files for
each single orbit are created containing the spacecraft attitude information, ephemeris
data, onboard magnetometer data, and header information, including the start and end
time o f the orbit. Thus in all, five files are created by AFGL for distribution to the
analysis agency. Tapes were shipped weekly from AFGL to the agencies until the end
o f the CRRES mission.
In the case of ONR-604, the analysis agency was the University of Chicago. There
these so-called “agency tapes” were received at the University of Chicago Enrico Fermi
Institute’s Laboratory for Astrophysics and Space Research (LASR) for subsequent
reduction.

5.3 Reduction at LASR: the C2E Tapes
The great majority o f the processing necessary to create a useable data set for
subsequent analysis from the raw AFGL agency tapes was done at LASR. Figure 5.1 is
a much-simplified flow chart o f the extensive LASR data reduction effort, which
consisted o f a number o f major programs to merge and organize the data. The product
delivered to LSU for analysis at this institution was the C2E tape, or “C2ET” in Figure
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5.1. “C2E” stands for “channels to energy” and designates data in which the
measurements o f the detector ADCs have been converted from units o f ADC channels to
energy.
An explanation o f the steps shown in Figure 5.1 is necessary. Since from LSU’s
standpoint the C2E tape is the final product o f the Chicago reduction effort, this
discussion focuses on the reduction steps up to and including the generation o f the C2E
tape. A number o f subsequent and parallel processing steps shown in Figure 5.1 were
performed at Chicago for the benefit o f the further CRRES data analysis effort at LASR,
and had no relevance to the analysis done at LSU.
The first major program shown in Figure 5.1 is “ADO.” This program’s primary
tasks are to copy the AFGL data tapes to disk, and to identify the correct start and end
times of each orbit so that overlap between consecutive orbits can be eliminated. One
must bear in mind that an “orbit” is in some sense an arbitrary construction in that there
is no defining instant when the orbit can be declared to start and end based upon some
unambiguous physical event or configuration. Thus the data reduction team must assign
start and end times o f each orbit, and make sure that these do not overlap or contain gaps
between successive orbits. These start and end times are generated by the ADO
program.
The next program processing the data in Figure 5.1 is “PHRATER.” This program
performs a number o f very important functions. It merges together five different types
of data record for each orbit: (1) ONR-604 pulse height analysis (PHA) events; (2) rates;
(3) satellite ephemeris; (4) onboard magnetometer data; and (5) satellite engineering and
housekeeping.
These records are merged together from the separate files for each contained on the
AFGL agency tapes. Overlap between orbits (events assigned to each o f two successive
orbits) is reconciled. The Universal Time (UT) assignment o f each rate record and
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pulse height event is corrected, and events are shuffled as necessary to ensure that they
are time-ordered on the tapes. The event times on the AFGL tapes indicate the moment
when a rate record or PHA event was written to the onboard magnetic tape. It is desired
that the PHA events carry a UT assignment indicating when the PHA event actually
occurred in the instrument; and the rate records should reflect a UT within the actual time
interval when the rates were collected by the rate counters. Thus the lag from taperecording must be corrected. PHRATER shifts PHA event times backwards by 0.512
second, the necessary recording time for a PHA event; and rate record times by
approximately 4.096 seconds, the duration o f a rate collection interval.
PHRATER also calculates the instrument position, velocity, attitude, and local
magnetic field characteristics (from a field model) and assigns them, along with
experimental magnetic field values (from the magnetometer) to each PHA event to
provide, together with the ADC pulse heights that characterize the charge particle event
itself, the relevant instrument and environmental conditions that affect the interpretation
of the event Similar grouping of spacecraft location together with the rate records is
also performed.
Returning to Figure 5.1, after PHRATER, the data splits paths. The in-flight
calibration data, ADC channel values from pulse-height analyzed “events” designated by
discriminator flags as calibration events, are fed to “PHNXCAL,” responsible for
determining the best possible conversion o f the ADC channel measurements to energy
units in order to determine the actual energy deposits in the detectors. The remainder of
the ADC pulse height measurements are sent to “C2E”, the program responsible for
converting pulses from the detectors from units o f ADC channel to energy. Before the
conversion, the gains of the ADC amplifiers must be determined by PHNXCAL. This
is done on the basis o f in-flight calibration (IF Q measurements. During in-flight
calibration, the detectors were stimulated in 1024 steps with discrete voltages from a
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digital-to-analog converter (DAC). The detector responses were recorded and this
record of ADC responses to voltage pulses o f known amplitude provides a calibration of
the ADC channels-to-energy conversion. PHNXCAL scans through the output o f
PHRATER and selects all IFC data. Based upon the temperature o f the satellite, the
correct values o f the digital-to-analog converter voltages used to stimulate the detectors
are determined. Then the ADC amplifier responses are plotted versus the 1024 DAC
stimulus pulses and a straight line fit to this p lo t The slope of this line is the amplifier
gain, and the intercept is the offset This gain and offset are recorded in a file with the
appropriate UT o f the calibration test Subsequently, channel-to-energy calculations are
made for each PHA event using the IFC test nearest in time to that ev en t This ensures
that the channel-to-energy conversions do not degrade from cumulative drifts in
amplifier gain over the course of the mission.
The final major step in the LASR processing before tapes are made and shipped to
LSU is the channel-to-energy conversion, done by the “C2E” program. C2E takes the
amplifier gains and offsets from PHNXCAL and uses them to convert the pulse-height
measurements o f the detector ADCs to energy deposits. The program then obtains,
from the P/E ratios o f the Position Sensing Detectors, the trajectory o f each event. As
will be discussed in Chapter 6, this is only performed for events stopping in D6 or in the
Kevex stack, for which all of the PSD gold-strip P/E measurements are available. For
events stopping in D 4 and DS, trajectory determination required further processing at
LSU.
C2E then calculates a preliminary value o f the particle charge, ZCAL. This
calculation is improved and refined at LSU during the subsequent analysis, as described
in Chapter 6.
The output o f the C2E program is the C2ET, or C2E tape. The data on the C2E tape
is organized in files o r ‘‘physical records” consisting o f one orbit each. Each physical
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record contains a header consisting o f basic identifying information for that orbit, and a
large number o f fiducials or “logical records,” which are the actual data values produced
and recorded in the data reduction. The logical records are o f the following types: Type1, the PHA record, consists o f47 32-bit words and contains the pulse-height analysis
outputs of the detector ADC amplifiers, as w ell as information about the spacecraft
location and attitude, magnetic field, and various discrim inator states, including all the
discriminators for the gate control and priority logic. The PHA record also contains the
IFC step number, indicating, if the event is an in-flight calibration test event, where in
the 1024-step sequence o f calibration voltage pulses the test event took place.
The Type-2 logical record is the MEV record, a 64-word record for the m ost part
consisting o f the sam e energy deposit measurements as the Type-1 PHA record, but
converted from ADC channels to energy units. The MEV record also contains a number
o f derived quantities specifying the particle’s trajectory, stopping coordinates in the
plane o f the stopping detector, various energy deposits corrected for angle o f incidence,
etc. The information from the PHA record specifying the spacecraft location and attitude
is replicated in the MEV record. The MEV record is primarily dedicated to the processed
information obtained from the C2E program after channel-to-energy conversion.
Each event that was pulse-height analyzed, stored on the onboard magnetic tape, and
telemetered to the RTS, results in one Type-1 PHA record. To each PHA record
corresponds exactly one Type-2 MEV record. Thus each orbit contains equal numbers
o f PHA and MEV records, each pair of PHA and MEV fiducials corresponding to one
charged particle passing through the instrument. In contrast, the remaining records
written to the C2E tape do not represent single events; rather they are generated at certain
tim e intervals.
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The third fiducial record, Type-3, is the RATES record. This is the last record type
that contains ONR-604 data specifically. It is a 48-word record containing ONR-604
detector singles counting rates, coincidence rates for various combinations o f detectors,
priority rates for the P I, P2, and P3 priority channels, as well as much o f the same
satellite location and attitude information and magnetic field data as found in the PHA
record. Also included in this record are the temperatures o f the satellite and o f the ONR604 electronics. The RATES record represents a 4.096 second interval over which rate
counts were summed.
The remaining record types on the C2E tapes are not obtained from ONR-604 and
were seldom used in this analysis. Type-4 is a 56-word record containing satellite
ephemeris data, essentially, satellite coordinates, magnetic field strengths, dipole
moments, and dipole offsets, with the satellite position provided in several different
coordinate systems. Type-5 is a 26-word record containing data from the onboard
magnetometer. Type-6 is a 36-word record containing satellite engineering and
housekeeping data.
The C2E data generated at Chicago and shipped to LSU was recorded on 9-track
tapes. The storage size o f a single physical record, i.e. one orbit’s worth o f C2E data,
varied greatly depending on the level of solar activity and the intensities o f low energy
solar particles. For the sake o f uniformity o f handling and processing procedures, each
9-track tape was written with an equal number o f orbits, chosen to be five orbits. Five
CRRES orbits’ worth o f C2E data approximately fills one 9-track tape at tim es o f most
intense solar activity. That is the greatest num ber o f orbits that can be uniformly
assigned to each 9-track tape in the data se t Since the CRRES mission ultim ately
consisted of 1065 orbits, the resulting C2E data set occupies 213 9-track m agnetic tapes.
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5.4 Archiving to Other Storage Media
The 9-track magnetic tapes and drives used for the C2E data set were approaching
obsolescence at the time o f the CRRES mission, and the storage of the CRRES data on
these tapes was responsible fo r a number o f difficulties by 1994-95 when the w ork
described in this dissertation began in earnest Firstly, as a practical matter, w ith only
five orbits per tape it is necessary to change tapes frequently when making a “run” o r
“pass” through the entire data set to collect o r count certain things. Extended processing
without operator assistance is therefore impossible and someone must be physically
present near the tape drives a t all times to change tapes. Furthermore by the m id-1990’s
the obsolete tape drives were becoming unreliable and difficult to service. Finally, the
9-track tapes themselves w ere deteriorating. Parity errors rendering portions o f a tape
unreadable were becoming an increasingly persistent problem.
B y early 1995 an alternative medium was available, as the space physics research
group had by then acquired a num ber o f 4mm Digital Audio Tape (DAT) drives.
Previously, the group had a p air o f 8mm Exabyte drives, but these were shared by the
entire space physics group and not available for ongoing use for a single project. The
4m m DAT cassettes for the new drives are capable o f storing up to 4 GB o f data. This
made it possible to compress the C2E data from 213 9-tracks onto just eight 4m m tapes.
W hen this archiving effort w as undertaken, it was discovered in going system atically
through the 9-tracks that a num ber o f them were no longer readable. Orbits that could
not be read were obtained once more from Chicago w ith the kind assistance o f the
LASR staff, and incorporated into the new 4mm C2E archive. At the same tim e, the 9tracks that were unreadable w ere re-generated in order to maintain the 9-track archive as
a backup. The 4mm DAT set o f CRRES tapes has been the working medium on w hich
CRRES data was stored and from which it was accessed since 1995.
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In 1998, the staff at LASR undertook an archiving effort to store the complete set o f
C2E data on CD-ROM. This was completed in 1999 and a copy o f the entire CD-ROM
archive was provided to LSU. As a practical working tool, the 4mm data is more
convenient to work with, because a single 4mm tape holds considerably more data than
a single CD, so again, as with the 9-tracks, the CD’s require more frequent operator
assistance for ongoing processing. However, they provide a valuable permanent
archive that is more or less invulnerable to physical deterioration and loss o f data, unlike
any magnetic tapes, including the 4mm DAT. The CD archive is kept as a backup o f the
entire CRRES dataset
5.5 L SU CR RES System S o ftw are
For analysis of CRRES data, a comprehensive software system was implemented on
the LSU space physics Experimental Physics Data System (EPDS) Vax cluster. This
consisted o f an extensive network o f libraries containing the essential software for
reading, copying, and performing certain kinds of frequently encountered processing.
This system resembles the proven analysis tools used by the space physics group for
analysis o f other data sets.
The data flow through the LSU processing and reduction software is shown in Figure
5.2. The first major step is in the COPY_FILES program, w hich is used to convert the
C2E data from a Unix format as delivered from LASR to a binary format compatible
w ith the LSU Vax/VMS system. COPY_FILES is written in Fortran 77, as is all the
CRRES software at LSU, and is the backbone of the softw are used throughout this
analysis. This program reads the raw, C2E-format CRRES data tapes, and m ost other
software in use for the scientific analysis described later is derived from this code. The
program reads the headers at the start o f a physical record (orbit), ascertains from the
headers how many logical records the orbit contains, then reads the logical records,
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writes them to another output medium as specified in a control deck, and keeps tallies o f
the records copied. Detailed analysis and manipulation o f the CRRES data begins w ith
an understanding o f this program. Once one studies the COPY_FILES code and
understands the looping that is done, the buffers that are used to store and transfer the
six Types o f logical records, and the I/O procedures of the code, one can identify the
locations at which to make modifications to manipulate the data on an event-by-event
basis. One then modifies this basic code to perform cuts, calculate incident energies, re
calculate particle trajectories, calculate pitch angles, tally various statistics that are
desired, or perform any other analysis tasks that can be done on a single charged particle
event at a time.
The CRRES software uses a control deck that specifies the input and output m edia
and relevant pathnames, number o f orbits to process, and the names and locations o f
any output logs generated. The software is capable of accepting input alternately from
any tape drive on the EPDS system (9-track, 4mm, or 8mm), or from disk files, as
selected in the control deck. Likewise the output can be written to any o f the same
media. A log file is always generated with orbit-by-orbit records o f the header
information, orbit start and stop tim es, and tallies of the number each different logical
record type read and output by the software.
Returning to Figure 5.2, once the COPY_FILES program has converted the C2E
tapes to Vax format, LIST_FILES is run to generate a complete listing o f the logical
records on the new tape, for com parison with the original LASR tapes. Once the LSU
tapes are verified, the original 9-track tapes are returned to LASR for reuse.
Next, the program RATE_GEN generates a rate parameter tape. T his tape is
formatted as input for the PIM PLOT program, which produces output plots of singles,
coincidence, and priority rates, as well as various discriminator command states to
provide an overview o f the instrum ent’s status and the environmental conditions on an
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orbit-by-orbit basis. Figure 5.3 is a sam ple o f the PIMPLOT output, showing the
priority rates and command states for orbit 597 o f the mission. The plots begin and end
near perigee, w ith apogee roughly in the center o f each p lo t In the P3 rate plot the
proton radiation belt encountered in the inner portion o f the orbit is visible as twin peaks
at opposite ends o f the rate p lo t This orbit falls in the March solar flare period and
displays very high P3 count rates in the center o f the p lo t corresponding to high Lshells in the outer portion o f the o rb it Spikes in the PI and P2 rates are also seen due to
the arrival o f a solar energetic particle e v e n t In contrast to this. Figure 5.4 shows the
corresponding plot for a quiet o rb it orbit 321. In this plot the radiation belts are still
prominent in the P3 rates but the center o f the plot is flat due to the quiet conditions.
Notice the “plateau” in the 1*3 rates in the center o f the plot. The rise to a higher, flat
level is due to the transition from heavy ion mode to proton mode (cf. Chapter 2),
indicated in the command state plot on the bottom line (“PM” stands for the proton mode
discriminator). W hen the D1-D6 ADC thresholds are lowered to enter proton mode, the
P3 rates correspondingly jump to a higher level. When proton m ode terminates and the
instrument enters heavy ion mode as it returns to the trapped radiation regions inside the
magnetosphere, the thresholds are raised again and the P3 rate drops accordingly.
One other feature seen in Figure 5.3 is an interval of in-flight calibration
(discriminator “C” in the command state plot, lower right). The brief toggling o f the C
command discrim inator represents an in-flight calibration period when data acquisition
was suspended and the instrument was dedicated to recording ADC conversions o f
known analog test pulses for later calibration o f the ADC channel-to-energy conversion.
5.6 S p lit D a ta S ets
Particularly in the early phase o f the LSU analysis when the CRRES data was
available only on 9-track tape, a com plete pass through the entire m ission’s worth of
C2E data, all 213 tapes, was extremely tedious and time consuming. It was not practical
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Figure 5.3 PIMPLOT output for priority rates and command states, for orbit 597.
This orbit occurred during the March solar flare period.
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Figure S.4 PIMPLOT output for priority rates and command states, for orbit 321.
This orbit fell in an interval of solar quiet conditions.
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to start with the first tape in the set and run through the whole set o f 9-tracks each time
an analysis task was to be performed spanning the entire mission. F or this reason the
C2E data was split into smaller subsets early in the analysis. The first splits made were
to separate the different logical record types, particularly those that are written at specific
time intervals rather than for each particle event. The rates, ephemeris, magnetometer,
and engineering logical records were therefore read from the C2E tapes and separately
written to tapes dedicated to a single logical record type. In this manner, w ith only rates
records present, 20 orbits’ worth o f rate data can be fit on a single 9-track tape, versus
five orbits on the C2E tapes. Similarly the ephem eris, magnetometer and engineering
records were compressed in this manner.
The bulk of the storage space demanded by the CRRES data is consumed by PHA
and MEV (Type-1 and Type-2) pulse-height analysis records for charged particles in the
P3 priority channel. This contains all the events from the very intense proton and
electron fluxes in the radiation belts and during solar flares. Consequently, everything
in the C2E data besides the P3 PHA and MEV records can be made more accessible by
separating it from these records. This was done. The PHA and MEV records for the P2
data were extracted and written to their own set o f tapes, ten orbits to each 9-track tape.
Later this P2 set was compressed onto ju st tw o 4mm tapes. The highest priority, P I
data was accommodated by a single 9-track tape.
When the analysis o f data from the PSDs began, it was likewise found useful to split
o ff the set of all events stopping in each PSD separately. By this time the 4mm tape
drives were in use and the 9-tracks more or less retired. The complete set o f events
stopping in a single PSD, spanning the entire CRRES mission, can be fit for any PSD
on a single 4mm tape. In fact these data sets fo r individual PSD detectors, prim arily D4D6, are small enough to be downloaded to hard disk for faster processing when
necessary. However, the software can process data directly from tapes, and when the
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entire mission’s worth o f a single type o f events is collected on a single tape, a run can
be started and the complete results collected a few hours later when the entire tape has
been read. This is an im provem ent over the 9-tracks, when several days o f reading and
changing tapes would be required to pass through the same data.
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Chapter 6

Data Analysis

6.1 G en eral
Before investing the considerable analysis effort to convert a set o f raw energy
deposits into the refined measurements described below, it is desirable to elim inate as
much instrument background as possible. Each background event discarded at the
beginning o f the analysis is one that does not require the additional processing given to
valid events. To that end, certain cuts are applied to the data, as described in the
following section, to throw out invalid background events before the main analysis
begins.
Following initial background rejection, the basic steps in the analysis o f the CRRES
charged particle data are as follows: (1) For each event, obtain the trajectory o f the
particle through the instrument from the gold-strip measurements in the PSDs, if this
was not already done in the data reduction process as described in Chapter S; (2) identify
the charge and mass o f the particle from its energy deposits in each detector it has passed
through, corrected as appropriate for the particle’s angle o f incidence; (3) from
knowledge o f the particle’s trajectory, charge and mass, and the physical characteristics
o f the instrument window and detectors, calculate the particle’s incident energy outside
the instrument; (4) from a fully defined set o f particle measurements providing each
event’s charge, m ass, energy, and the tim e at which it entered the instrument, as w ell as
the instrument’s intrinsic analysis efficiencies and geometrical characteristics, obtain a
value of the omnidirectional flux o f particles in space at the time and location where the
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measurements were made. At this final stage elemental and isotopic ratios are also
calculated, as will be described.

6.2 Preliminary Background Rejection
At the first stage o f data processing, every effort is made to restrict the data passed on
for further analysis as narrowly as possible, to avoid unnecessary processing o f events
that will later be discarded. The formation o f “split” data sets, i.e., reduced data sets
with certain selections performed to restrict the scope o f the data, was described in
Chapter 5. The m ost important of these early splits in relation to this work were the
divisions o f the data into sets according to analysis priority, stopping detector, and
quiet-time versus unquiet These split data sets, for instance, “P2 quiet-tim e events” or
“P3 unquiet events stopping in D6,” form the starting point for all further analysis.
These split data sets are generally o f a size that permits downloading to hard disk, which
greatly reduces the time required for subsequent processing.
Once a split data set has been selected for analysis, the first task is to exclude any
events that are identified as background. The first test applied is to check the flag in the
event record indicating whether or not the anti-coincidence scintillator S (see Figure
2.2, Section 2.2) was triggered in coincidence with the event. The A E versus residual
energy analysis technique requires that particles stop in the detector stack for full charge
and mass identification. Particles triggering S either (1) escaped out the side of the
instrument stack and do not provide the necessary energy deposit information, (2) did
not pass through the aperture and entered the instrument from the side, or (3) indicate
more than one particle in the instrument; they are therefore discarded.
Likewise, a cut is placed on the radius in the stopping detector. Particles stopping
outside the active radius o f the stopping detector provide unreliable energy signals and
are discarded. The exclusion of these events from the incident flux o f particles analyzed
is accounted for in flux calculations by incorporating the same geometric restrictions into
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the geometric factors used to convert particle counts to fluxes (computation o f geometric
factors will be described later in this chapter).
A t this stage certain irregularities in the data are addressed. Some events are assigned
negative range ID values (the ID of the stopping detector) on the raw C2E tapes. This
was done at the University o f Chicago for events that appeared valid but had certain
irregularities in their discriminator bits. This amounts to a handful (a few hundred for
the entire mission) o f events. Since the events are valid except for some o f their
discriminator bits, they are not discarded. T heir range ID values are valid except for
their sign. Therefore all negative range ID values are replaced with their absolute values
and the events retained for further analysis.

6.3 Processing o f Valid Events
Once the background events discussed in Section 6.2 are removed, processing
continues for the remaining events. Before scientific results such as fluxes and ion
ratios can be obtained, certain refinements to the data are still needed.

6.3.1 Angle of Incidence
The C2E tapes received from the University o f Chicago contain valid angles o f
incidence only for events stopping in D6 and K1-K8. The Chicago algorithm for this
calculation required P/E ratios from a minimum o f five PSD detectors, and performed no
trajectory calculation if fewer than five P/E values were available. This left angles of
incidence for particles stopping in D3-DS undetermined. As described in Chapter 2,
three PSD signals are necessary to obtain a particle trajectory. Trajectories can thus be
calculated for events in D3-D5. However, since the D1 resistor-divider am plifier failed
early in the CRRES mission and P/E ratios are unavailable from D1 from that point
onwards, as a practical matter, the required minimum o f three P/E signals for a trajectory
calculation is not available for stopping detector D3 for most o f the m ission. However,
sufficient P/E information exists on the C2E tapes to determine the trajectories o f
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particles stopping in D4 and DS. The Chicago algorithm for calculating angle o f
incidence from the P/E gold strip measurements was adapted with only m inor changes to
accommodate the option o f performing the calculations with only three o r four P/E
values.
To validate this new calculation o f angles o f incidence for particles stopping in D4
and D5, a selection o f events stopping in D 6 was examined. For such events, the full
set o f P/E values from D2-D6 are available, so the trajectory calculation performed in the
data reduction at Chicago was valid. Figure 6.1 shows the difference in a set o f
calculated angles o f incidence, when PSD detectors are removed from the calculation.
Figure 6.1(a) shows the distribution o f angles o f incidence for helium particles stopping
in D6, summed over the full solar quiet tim e of the CRRES mission. The trajectories o f
the D6 events in Figure 6 .1(a) are calculated using all six PSD detectors. These angles
o f incidence are then recomputed in Figure 6.1(b), using the same P/E gold strip values,
but discarding the P/E value from the D6 detector. Thus only the P/E values from D2D5 are used. The trajectory calculation does not degrade greatly when the P/E
information from D6 is unavailable.
Similarly, Figure 6.1(c) shows the distribution obtained for the sam e events when
calculating the angles using only the P/E values from detectors D2-D4. W ith only three
PSD detectors contributing, this is the minimum number of detectors for which a unique
trajectory can be obtained for the particle. Figure 6 .1(c) shows slightly greater
degradation o f the angle calculation in the absence o f information from DS and D6 than
was the case for Figure 6.1(b), where only D6 was absent. But the general shape o f the
angular distribution remains similar to the “true” distribution of Figure 6.1(a). The
uncertainty contributed by the degradation o f the D4 angles due to the lack o f PSD
information to the flux calculations is illustrated in a later section. Charge and mass
resolution depend critically on the accuracy w ith which the particle’s trajectory is
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Figure 6.1 Distribution o f angles o f incidence for helium particles stopping in the
D6 detector, sum m ed over the entire mission. Panel (a) shows the angles calculated
using all PSD detectors D1-D6. Panel (b) shows the angles for the sam e events,
calculated without the P/E value from the D6 detector. Panel (c) is sim ilar to (b) but
discards the P/E value from both DS and D6.
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known, because the angle o f incidence determines the true pathlength o f m aterial that has
been traversed by the particle. Knowledge of the trajectory is therefore necessary to
accurately interpret the particle’s energy deposits in the detectors, to determine its charge
and mass. In order to treat all particles analyzed as if they passed through the sam e
thickness o f material, all energy deposits made by every particle, in each detector it
passes through, are scaled b y a factor o f the cosine o f the particle’s angle o f incidence
before the values are used in the calculations identifying the particle’s charge and mass.
In this way all particles are analyzed as if they arrived perpendicular to the plane o f each
detector.

6.3.2 Particle Charge and Mass: ZCAL
The C2E tapes received from Chicago contain a value for the calculated charge o f
each particle, ZCAL, w hich was found to be insufficiently accurate to resolve isotopes
across the full range o f O N R-604’s capability. This ZCAL value is therefore replaced
with an improved calculation that is performed iteratively as follows: Starting w ith the
value o f ZCAL on the C 2E tapes, for each event, based on the particle’s charge, angle o f
incidence, the total of its energy deposits in all detectors it passed through, and an
assumed mass (for particles with Z < 21, a ratio A/Z = 2 is assumed), an estim ate is
calculated o f the energy deposited by the particle in each individual detector it traversed.
Then the following param eter is minimized by iteration:

(6 . 1)

where EOBS is the m easured energy deposit in each detector, E ^ is the estim ated energy
deposit in each detector, th e summation is over all detectors the particle passes through,
and E tch-is the sum o f all m easured energy deposits. The minimization o f AE is done
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by varying the input value o f Z in small steps and recalculating AE for the new charge
value. As Z approaches the true charge of the particle, the deviation o f the estim ated
energy deposits from the m easured deposits diminishes, and thus the value o f AE
decreases. When the change in AE for a single iteration step decreases below a chosen
threshold, AE is considered stable and its current value is saved as the minim um value.
The current value o f Z is saved and the old value o f ZCAL is overwritten in the event
fiducial record.
It should be noted that, since the calculation o f ZCAL and its new value contains a
built-in assumption o f the particle’s mass-to-charge ratio, A/Z, the param eter ZCAL is
not a true particle charge for isotopes that do not agree with the assumed value o f A/Z.
For instance, the assum ed value A/Z=2 is valid for “^He, but not for 3He. Consequently,
ZCAL values, corrected as ju st described, for ^ e , are very close to the true charge of
helium , Z = 2; while ZCAL values for the isotope *He assume fractional values closer to
1.8. Although ZCAL thus does not actually represent a true charge value for all
particles, it does provide a parameter that can be used to resolve separate isotopes.
Figure 6.2 shows a histogram o f ZCAL values, corrected by the procedure described in
this section, for the helium events stopping in the K1 detector, summed over all solar
quiet times in the CRRES mission. The large peak around ZCAL = 2 is *He, and the
sm aller peak centered betw een ZCAL = 1.8 and 1.85 is 3He. Once a clean set o f
isotopic data such as that in Figure 6.2 is available, values of ZCAL can be determined
that define the boundaries between different particle isotopes. These ZCAL values are
then coded into software that is used to identify particles automatically by isotope in all
subsequent processing. However, before the ZCAL parameter yields the isotopic
resolution shown in Figure 6.2, it is necessary to examine the distribution o f AE values
for particles in this ZCAL range and make a cut on AE, as will be described n e x t
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Figure 6.2 Distribution o f corrected ZCAL values for quiet-time helium stopping in
K1 (priority P2). Both isotopes of helium are visible, but the ZCAL scale is not
calibrated to mass units.
Due to the very large num ber o f protons stopping in the detector stack, com pared to
helium or heavier species, in a histogram of ZCAL such as Figure 6.2, the statistical tail
o f the proton ZCAL distribution overlaps with the helium distribution. This is
particularly the case in the P3 data, where most protons are present Figure 6.3 shows
this for the case o f the quiet-tim e helium events stopping in the detector K l, but
prioritized as P3 events. The data shown have been selected with 1.75 < ZCAL < 2.05.
T he ^ e peak in ZCAL is visible, but 3He is com pletely obscured by a background,
w hich is in fact the statistical tail o f the P3 proton ZCA L distribution.
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Figure 6.3 ZCAL distribution for K1 (priority P3), without cutting on AE.
The range o f ZCAL chosen corresponds to helium , but the *He is obscured
by the proton background.
Fortunately, the parameter AE, representing the deviation o f the entire set of detector
energy deposits from an expected value, serves, when minimized, as an effective means
o f separating the helium from the protons. Figure 6.4 shows the distribution o f AE for
the same events displayed in Figure 6.3. There is a clear dichotomy of AE values in
Figure 6.4, with one high, narrow peak below about AE = 2.S, and another, broad
distribution with values extending nearly to AE = 90. The events comprising the narrow
peak at small AE values are in fact the helium; all other events in Figure 6.4 are proton
background. Cutting the data in Figure 6.3 to require AE < 2.5, yields the ZCAL
distribution shown in Figure 6.5. Now the helium isotopes are clearly resolved and the
proton background is eliminated.
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Figure 6.4 Distribution o f AE values for K1 (P3).
The reason AE functions in this way is that AE is, in effect, a single parameter that
checks the values o f a particle’s energy deposits in m ultiple detectors against expected
values (based on the ionization energy loss properties o f a charged particle in a known
material; see Perkins 1987), w ith the value o f ZCAL used as the assumed particle
charge. The statistics of a large proton distribution dictate that some protons will form a
statistical tail with ZCAL values sim ilar to helium; but ju st as those protons reside in the
tail o f the ZCAL distribution, so they also reside in the tail o f the protons’ AE
distribution. Their ZCAL values are inconsistent with the actual charge of a proton,
Z = l, so their AE values do not converge to the small values achieved by helium particles
in the sam e ZCAL range, i.e., corresponding closely to th eir actual charge.
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Figure 6.5 ZCAL distribution for K1 (P3) helium after cutting on AE.
The com bination of ZCAL, after correction by minimization o f AE, and AE itself,
inspected to observe the distinct distributions for true events in a given ZCAL range
versus the proton background, constitute the tools em ployed in this analysis to identify
the charge and mass o f the charged particles stopping in the instrum ent
Now th at ZCAL has been introduced, we can return to the question raised in Figure
6.1, concerning the uncertainty introduced in the resolution o f helium isotopes in the
PSDs due to the incomplete set o f P/E measurements available in D 4 and D5. Figure
6.6 shows the ZCAL distribution o f the quiet-time helium events stopping in (a) D4, (b)
D5) and (c) D6. Both helium isotopes are clearly resolved in D 5 and D6, indicating that
the lack o f a D6 P/E value does not degrade the trajectory calculation (as shown in
Figure 6.1) in D5 enough to im pair isotopic resolution in th at detector. In D4, where
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both the DS and D6 P/E measurements are lacking, the resolution is degraded to the
point that the ^ e and ^ e peaks overlap. The number o f events in the overlap region,
relative to the total number o f events in the histogram, provides an estimate of the
uncertainty introduced to calculations o f the "fae/He ratio. The distributions o f ^ e and
4He overlap in the range 1.89 < ZCAL < 1.94. In this region are 61 events, out o f a
total o f422 D 4 helium events. This is about 14.5% o f the D4 helium events, thus
introducing a 14.5% uncertainty in the D4 contribution to calculations o f the ^e/^H e
ratio.

6.3.3 Incident Energy
Once the particle’s charge, mass, and angle of incidence are known, its energy
deposits in the detectors can be interpreted to uniquely specify the particle’s incident
energy outside the ONR-604 instrum ent One simply reverses the range-energy loss
calculation used to calculate energy deposits in the detectors for a particle of known
species and energy, with the assum ption that the nucleus is fully stripped. This
assumption is valid because passage through the aluminum window will strip all atomic
electrons from any ion entering ONR-604.. Starting with the signal in the final detector
where the particle is known to have stopped, one propagates the hypothetical particle
upwards through the detector stack, summing its energy “loss” in each detector as one
goes up through the stack. The energy loss in the final detector, say detector N, is ju st
the energy deposit in that detector. Using this value as the residual energy of the
particle, one then calculates the energy loss of a particle o f the species o f interest in
detector N -l. This is added to the particle’s residual energy, and the calculation is
repeated for detector N-2, and so on, clear up to the 3mm alum inum window covering
the instrument aperture. After propagating the particle backwards through the detector
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Figure 6.6 ZCAL distributions for quiet-time helium events, summed over the entire
mission, with events stopping in (a) D4; (b) D5; and (c) D6. Events in D5 retain full
isotopic resolution despite the loss o f P/E information firom the D6 detector.
Resolution in D4 is somewhat degraded and the isotope peaks overlap.
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stack and window in this way, the residual energy o f the particle is equal to its initial
incident energy before entering the instrum ent

6.3.4 Fragmentation Within the Detectors
A certain fraction of any species o f particles passing through the detectors w ill interact
within the detector material and fragm ent After fragmentation, the daughter product(s)
that continue onwards into the instrum ent will yield different energy deposits in the
detectors than the parent particle would have done. This results in the failure to identify
the parent particle by its true charge and mass. For instance, a valid helium ion that
interacts in the stack to produce protons and other fragments will be rejected by the
previously described procedure o f using ZCAL and AE to identify helium events.
For flux calculations and particle ratios, the loss o f specific individual events in this
manner, as valid particles go unrecognized and are discarded, is corrected for by
application o f appropriate correction factors to compensate for the loss. This is done by
selecting a certain species o f interest, within a specified energy interval, and stopping in
a given detector. Using the m ean value o f the angular distribution for particles stopping
in this detector, one first calculates the mean thickness o f material passed through by the
particles. Using the midpoint o f the chosen energy interval (which may correspond to
an energy bin in a flux spectrum, for instance) as a mean value for the energy o f the
particles, one can then calculate analytically what fraction o f the incident particles of,
say, 4He, w ill have traversed the appropriate amount o f m aterial without interacting.
This is done with a program w ritten to incorporate the energy-dependent interaction
cross sections for the beam (cosm ic ray particle) and target (ONR-604 detector) species,
to calculate the fraction o f beam particles fragmenting when traversing a given thickness
of target m aterial. One then has only to take the reciprocal o f this fraction, and this is the
correction factor to apply to the raw count of, for exam ple, 4H e particles, in the specified
detector and within the chosen energy interval, to “correct” the count for the loss of
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particles due to fragmentation in the detectors. Particle counts corrected in this way can
then be used in flux and ratio calculations, as will be described in the following sections.
6.4 Flux C a lc u la tio n s
The calculation o f a particle flux from the measurements described above requires
unfolding the instrum ent effects that yield a set of counted events when the instrum ent is
exposed to the natural radiation environm ent. The following section will illustrate this
process in detail and include an example o f a flux calculation made from actual CRRES
data.
Outside the ONR-604 instrument, the spacecraft encounters a flux o f charged
particles. Particles o f different species enter the instrument with different frequency,
depending on the intensity o f that species at a given location and time. In different
regions of space, intensities o f a given species will vary. Knowledge o f the actual
fluxes in space o f the charged particle species encountered by CRRES is the m ost
valuable reward gained from analysis o f the particles entering the instrument. The
charged particle environment is in many regards best characterized by a study o f
omnidirectional particle fluxes in space at given times and locations.

6.4.1 The Basic Expression for Calculation of Fluxes
The direct product o f the ONR-604 measurements is a counted set o f particles,
identified as being o f a certain charge, mass, and energy. A detailed application o f the
instrument characteristics described in Chapter 2 is required in order to infer the flux o f
particles outside the instrument from the raw count of particles assessed through the
analysis steps described thus far in this chapter.
Given a set o f N particles, all o f the sam e ONR-604 priority (P I, P2, or P3), w ith
incident energies (outside the instrument) within a range dE, the basic expression for the
differential omnidirectional flux in space, averaged over the time interval during which
the particles were collected, is as follows:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

131

F(E) =---------- 5 !---------- (Ep£)
(Afl •dE)(TuvE -

T dead)

N™ *

f 6 2)
(6 '2)

In this expression, F(E) is the differential flux in units o f (cm2 sr s MeV/n)*1; N is the
number of selected particles; A ft is the instrument’s geometric factor in units o f (cm2 sr);
dE is the width o f the energy range over which the N events were collected, in units of
MeV/nucleon; T uve is the total tim e over which rate counts were summed during the
interval over which the events were collected; TOEADis the instrum ent rate dead time, the
total time the interval when rate counting was disabled (See Table 2.4, Chapter 2, for the
sources o f rate dead time);

is the total number o f events summed during the

interval in question by the rate counters for the priority channel o f these particles; and
N pha is the number o f events actually pulse-height analyzed in the sam e priority channel
during this time interval.
The normalization to correct for instrument inefflciencies is different for different
priority channels, and therefore flux contributions must be calculated separately for
identical particles that, because o f the priority logic and their trajectories in the
instrument, fall into more than one priority channel.
Clearly a flux measurement m ust be defined as being averaged over a certain interval
o f time. The final calculated flux, F(E), represents an average flux, but an interval must
be chosen over which the average is taken. In the case o f the CRRES satellite, with its
orbit that passes through the radiation belts, near the top o f the Earth’s atmosphere, back
through the radiation belts and w eak outer regions o f the magnetosphere, a sensible
restriction to place on the times over which fluxes are averaged is to select only times
when the instrument is in a given region o f space. Fluxes m easured at the orbit’s
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apogee should not be averaged together with fluxes measured in the intense regions o f
the inner electron radiation belt, for instance. Such an average w ould be meaningless
due to the much different geomagnetic access at different times during the measurement
So a time selection for the events contributing to the total N will generally include a
limitation to only accept events from a certain region o f the spacecraft’s orbit. For most
o f the measurements reported in this thesis, geomagnetic access effects and the presence
o f the radiation belts were not desired objects o f study, and therefore the data were
selected only at large L-shells, generally L > 6, where geomagnetic shielding was
negligible.
Further tim e restrictions m ight be, for example, a selection o f events only during
solar quiet tim es; or a selection o f events occurring only during the duration of a
particular solar flare. In each case the relevant period and spatial region over which
particles are selected must be reported along with the flux values that are calculated in
order for the calculations to be meaningful.
Based on the foregoing, the term (Tuyg—TDEAD) in Equation 6.2 accounts for the
length of time over which the measurements were collected. T live is the total time
within the selected time interval during which instrument rates were summed for the
priority channel corresponding to the N events. Determining T q ^ is very
straightforward; one simply counts the number o f rate records on the C2E tapes falling
within the selected time period and in the chosen region o f space. Each rate record
covers 4.096 seconds o f time over which rates were summed. So

T LIVe

is just the total

number o f rate records, m ultiplied by 4.096 seconds.
However, as described in Chapter 2, rate counting is disabled at certain times. The
sources o f rate count disabling are listed in Table 2.4. Each o f these contributes a small
amount of “rate dead time,” which must be subtracted from the “live time” Tq ^ in
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calculating the flux. The sum o f all the contributions in Table 2.4 from the finite
response time o f the detectors, from the log compression o f the rate data, from the ADC
conversion o f the detector responses, and from the readout o f the rate log registers,
accounts for TDEAD. The difference (T u v g - T dead) is then the actual amount of time
during the selected period when the rate counters are summing rate counts.
The reason why the time used in the flux calculation is chosen as the time during
which rate counting is enabled will be seen from the explanation o f the instrument
efficiency normalization, which is found in the term (N ^-j^/N p^). As was discussed
in Chapter 2, not every particle entering the instrument is analyzed. For many reasons,
particles fail to receive a full pulse height analysis. However, nearly all the particles
satisfying the instrum ent gate logic are counted by the rate counters, except those that
arrive during the rate dead times discussed previously. The com bined effect of all the
various electronic processes described in Chapter 2 that inhibit pulse height analysis o f a
certain fraction of the suitable particles entering the instrument can be represented as a
single efficiency factor. This is simply the ratio o f the number o f rate counts in a given
priority channel, to the number o f pulse-height analyzed events in the same priority. If,
say, only 90% o f the P2 events in a given tim e interval are analyzed, for whatever
reason (such as, for instance, very intense P2 helium fluxes during a solar flare, with P2
helium particles arriving faster than the instrument electronics can keep up with them),
then at least in m ost cases, all of these P2 particles will at least be counted by the P2 rate
counter. All, that is, except those falling during the times when rate counting is
disabled. If 90% o f the incident events are pulse height analyzed, then this 90%
efficiency will be compensated for in the flux calculation by m ultiplying by the factor
N rate/N pha = (1/0.9) = 1.11. This scale factor thus increases the calculated flux, based
on the raw set o f N counts, to compensate for the presumed 10% loss o f analyzed
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events, determined by comparing the num ber o f events analyzed to the number counted
by the rate counters.
The dependence o f this instrument efficiency correction upon the summed total of rate
counts in the relevant time interval is the reason why that tim e interval, as used in the
flux calculation, must not include any tim es when rate counting is disabled. This is the
reason why the term TDEADis analyzed and subtracted from the live time in Equation
6.2.
A small source o f error in this method is that the particles contributing to the total
N pha may include some that occurred during rate dead tim es. For that reason, the terms
N

r a t e

and NPHAmay be collected over slightly different tim e intervals. During their

CRRES analysis the group at the University o f Chicago exam ined this and found this
effect contributed less than a 1% error to the flux. Compared to the statistical errors o f
the CRRES flux calculations, this is generally a negligible source o f error (see section
6.4.3). Therefore

and NPHA are treated as deriving from the same collection time.

The next term to consider in Equation 6.2 is dE, the width o f the energy interval over
which the N events were collected. Due to the great difference in particle intensity for a
single species measured at different energies, a calculated flux is most meaningful
specified over the smallest possible energy interval. Ideally a flux might be represented
as a continuous function o f energy; however, physically, w ith a finite number o f
particles measured, it is necessary to divide the entire energy range over which the
instrument is sensitive into bins, identify particles with energies falling in each energy
bin, and calculate average fluxes w ithin those bins. The set o f fluxes calculated for each
energy bin form a particle energy spectrum. The expression in Equation 6.2 is just such
an average flux, where dE is the width o f the corresponding energy bin. Dividing by dE
normalizes the flux calculation so that fluxes are not biased relative to each other by
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differing bin widths. The reason why energy bins may not all be selected with the same
width in calculating an energy spectrum is that it is sometimes necessary to make some
bins wider than others in order to collect sufficient event statistics to allow a meaningful
flux calculation.
The final term in Equation 6.2 is A£2, the geometric factor. The omnidirectional flux
has units of particles per second, per unit energy, per unit area, per unit solid angle.
Dividing the flux calculation by the geometric factor appropriate for the instrument and
detector accounts for the fact that the instrument does not see the full 4k steradians of
space around it; rather the aperture is accessible from only a conical portion o f this solid
angle. The geometric factor incorporates both the angular size o f the conical solid angle
visible to the instrument, and the area o f the collecting surface of the detector in which
the particles stopped.
Since valid events m ust pass through the PSDs and miss the guard counter S, the
instrument aperture is restricted and the geometric factor of each detector is different,
even for detectors o f identical physical size. Detectors nearer to the instrument window
can view a larger solid angle o f the sky and therefore have a larger geometric factor than
identical detectors located farther from the window. Likewise the PSDs have an
intrinsically larger geometric factor than the Kevex detectors due to their greater radius.
For this reason it is necessary to handle particles stopping in different detectors, even of
identical species and energy, separately in calculating fluxes. Consider, for instance,
two identical helium particles entering the instrument, with the same energy, but at
different angles. The first particle enters normally and stops in the detector K2. The
second enters at an angle to the line o f norm al incidence, and therefore must traverse
more material per detector than the first particle, consequently stopping in detector K1
rather than K2. Since the particles have the same incident energy, they will both
contribute to the same energy bin in the calculated flux spectrum. However, K1 has a
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larger geometric factor than K2, because it is nearer to the instrument window. Since
K1 can sample a larger portion o f the sky, the number o f particles stopping in K1 is
artificially biased relative to the num ber o f identical particles stopping in K2. This bias
is rem oved by dividing both contributions to the overall flux, from K1 and K 2, by their
respective geometric factors.
The geometric factors o f the ONR-604 detectors were listed in Table 2.1. The
calculation o f such factors by pure analytic geometry is straightforward only fo r the very
sim plest configurations. For a single plane detector o f zero thickness the calculation is
simple. Complications such as adding more detectors, giving the detectors finite
thickness, etc. quickly causes the mathematical analysis o f the geometric factor to grow
in complexity (Sullivan 1971). The most practical means o f obtaining geom etric factors
for the instrument is M onte Carlo analysis. For any stack o f plane detectors w here all
particles are required to pass through an aperture (in the case o f ONR-604, the
aluminum window), the geom etric factor o f each detector is equal to the geom etric factor
o f the aperture, multiplied by the fraction o f all particles passing through the aperture
which stop in the given detector. Thus, in the Monte Carlo program, the aluminum
window, being thin and lying essentially in a single plane, is treated as an ideal plane
detector and its geometric factor can be calculated analytically. Then a large num ber o f
theoretical charged particles are propagated through the instrument window and into the
detector stack, entering at random points on the window surface and with random angles
o f incidence. For a large enough num ber o f events, the fraction o f particles stopping in
each individual detector converges to a value which, when multiplied by the geom etric
factor o f the window, provides the geometric factor o f the individual detector.
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6.4.2 Example of the Flux Calculation
To illustrate the full process o f calculating a flux, an example of such a calculation
w ill be provided explicitly in this section. The example is taken from the actual helium
spectrum for one o f the solar flares analyzed for this work, the flare which w ill later be
designated as “March C.”
The grids o f energy bins over which spectra were calculated for helium, carbon,
nitrogen, and iron are listed in Table 6.1. The following example demonstrates a flux
calculation for helium energy bin #2,43-48 MeV/nucleon.
The helium events in the 43-48 MeV/nucleon range for this event fell entirely in two
detectors, the PSD D6 and the Kevex detector K l. Additionally, the events in K1 were
divided between those that deposited enough energy in K l to satisfy the P2 priority
logic (see Table 2.2 for discrim inator thresholds and Table 2.3 for the priority logic),
and were thus classified as P2, and those that did not, and thus were designated as
priority P3. All events stopping in D6 are P3 as dictated by the instrument logic, as has
been previously discussed.
The March C flare, and others, will be more fully characterized in the next chapter.
F or the present example, illustrating the flux calculation procedure only, suffice it to say
that the flare period has a start and an end time, and these form the natural tim e
boundaries for the flux calculation, if a flux averaged over the duration o f the event is
desired. This is the first data selection: events are chosen taking place between the start
and end o f the March C solar flare. The second data selection is to exclude geomagnetic
access effects. In order to obtain a sample of particles unbiased by geomagnetic
shielding, we select events only at large L-shell values, near the apogee o f the orbit.
Specifically, events with L>6 are chosen. Then the procedure described in Section 6.3
is applied to identify all valid helium events stopping in the instrument during this time
period and in the chosen region o f space, and determine their incident energy.
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Table 6.1 Energy grids for the spectra o f He, C, N, and O.
Helium

Carbon

Nitrogen

Oxygen

Bin

Energy (MeV/n)

Energy

Energy

Energy

1

38-43

71-85

76-88

75-91

2

43-48

$6-100

$8-100

91-102

3

48-52

100-125

100-115

102-114

4

52-60

125-155

115-128

114-130

5

60-66

155-ltt)

128-161

166-150

6

66-73

170-185

151-171

150-170

7

73-79

185-200

171-192

170-185

8

79-86

—

192-204

185-205

9

86-91

—

204-224

205-225

10

91-97

—

—

225-240

11

97-105

—

—

—

12

105-110

—

—

—

Once these steps are done, one is in possession o f the complete sample o f helium
events measured by CRRES during the March C flare. These are then tallied according
to the energy bin in which they fall, the detector in which they stop, and the priority
designation assigned to them . As stated, all events in the PSDs are priority P3. Most
helium events in the Kevex detectors are P2, but som e are also P3 if they fail to meet the
discrim inator thresholds for classification as P2 (such as those just entering the topmost
layer o f K l and making a very small energy deposit).
Table 6.2 shows the event counts, before and after correction for interactions in the
detectors, sorted by detector and priority, for helium energy bin #2,43-48
MeV/nucleon. In the first row o f the table are the raw events. There are five events
stopping in D6; seven events stopping in K l, but failing the P2 logic and therefore
classified as P3; and 2021 P2 events stopping in K l.
A brief word is needed to explain the great disparity in magnitude of the number of
events in D6 and K1(P3) versus K1(P2). Here is a striking example o f an intrinsic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

139
Table 6.2 Helium events for the M arch C solar flare.
Detector (priority):

IK

m i (W )

k l (P2)

Raw counts:

5

7

2021

Counts, interaction-corrected:

5.26

7.39

2134

instrument inefficiency with regard to P3 particle analysis at times o f high P2 count
rates. During the solar flare, intensities o f helium and other ions in the P2 priority
channel are so high as to dominate the instrument electronics almost continuously, to the
exclusion o f m ost P3 events entering the detector stack. Only a very small fraction
(approximately 0.2%) o f the events summed by the P3 rate counters during the flare
receive pulse height analysis, w hile the rest of the P3 events are flushed from the
electronics as higher-priority P2 (and P I) events are recognized. Other factors
contribute in different directions to skewing the apparent distribution o f particles
between detectors, such as the varying thicknesses and geometric factors of the
detectors; but all o f these effects, as well as the P2/P3 efficiency issue discussed in this
paragraph, are accounted for by the various terms in the flux calculation and the
procedure described in the last section.
The second row of Table 6.2 shows the raw helium counts, corrected for interactions
in the silicon detector stack and aluminum window. The scale factor is calculated based
upon the thickness of aluminum and silicon traversed by a helium particle of energy
45.5 M eV/nucleon (the central value o f energy bin #2) and the corresponding fraction o f
helium events expected to fragment. The inverse o f this fraction is the scale factor
which “restores” these lost particles to the event tally.
To obtain the rate livetime, T ljve ,of the March C flare, we count the number o f valid
rate records with their clock tim es lying between the start and the end of the flare, and
with the instrument located outside L=6. Then, since each rate record reflects 4.096
seconds o f summing time, the livetim e is the number o f rate records, times 4.096
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seconds. For March C this amounts to 27,785 rate records, yielding a rate livetim e o f
1.138 x 10s seconds. T he rate deadtime, TDEAD, is calculated separately for P2 and P3,
because o f the different rate counters involved. That is, rate counting in each priority
channel is disabled for 1 2 /i sec each time the rate counter for that channel, o r for any
detector required by that priority channel’s logic, increments; since the P3 rate counters
count far more events (all protons and other low energy events, which are m uch more
intense than heavier and more energetic species in the P2 channel), they are
correspondingly disabled more o f the time as they increment than the P2 rate counters.
Therefore the rate deadtim e to use in calculating P3 fluxes is larger than the P2 rate
deadtime.
Next we require the num ber o f total rate counts and pulse height analyzed events,
N rate and N pha respectively, for both P2 and P3. Table 6.3 lists these, as well as the
rate livetime and dead tim es, for the P2 and P3 priority channels. These are the actual
values inserted into Equation 6.2 to calculate the flux. Notice once more that, from the
ratio of P3 PHA events to rate counts, one finds that less than 0.2% o f P3 events
counted by the rate counters were analyzed. In contrast, more than 87% o f the P2
events counted by the rate counters received pulse height analysis.

Table 6.3 M arch C solar flare event param eters for flux calculations.
N raTE

NpHA

T livE (see)

T deaD (SCC)

Priority: P2

2 .1 0 x l0 4

1.76xl04

1.14x10s

2 .0 9 x l0 4

P3

1.13x10®

2.05x10s

1.14x10s

2 .2 2 x l0 4

Equipped with the inform ation in Tables 6.2 and 6.3, all that is needed to com plete a
flux calculation is the geom etric factor for each detector, and the width o f the energy
interval in question. T he energy bin is 43-48 M eV/nucleon, so dE = 5 M eV/nucleon.
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The geometric factors are taken from Table 2.1. W e can proceed with the calculation,
which must be made separately for each detector and each priority channel, to determine
their separate contributions to the total flux. These contributions, once obtained in flux
units, are then summed to yield the total flux.
For D6, Equation 6.2 becom es:

H » -_ _ _ _ _ _ ?!______ ( « ■ ) . _________
(A fl - dEXTuvx - T deao) Nm»

& _ _ _ _ _ _ _ _ _ _ U34xW 8

(15.74-5.0X 1.138 x10*5 -2 3 1 8 x10*4) 2.046 x10*5

yielding a flux o f F ^ = 4.04 x 10"4 (cm2sr sec M eV/nucleon)'1. Identical steps applied
to K1(P3) and K1(P2) result in values of
FKi(p3)= 1.02 x 10'3 (cm2sr sec M eV/nucleon)'1 and
FKkp2)= 5.98 x 10-4 (cm2sr sec M eV/nucleon)'1. These three values are now in a
common set of flux units, each containing all the proper normalizations to account for
the different geometric properties and priority efficiencies o f the different detectors
contributing to the overall flux. Thus they can be summed directly together to arrive at
the total flux of helium in the 43-48 MeV/nucleon energy channel. This gives:
Fjotal = 2.02 x 10'3 (cm 2sr sec M eV/nucleon)'1.

6.4.3 Flux Error Analysis
The final element o f the flux calculation is the error analysis. The uncertainty in
CRRES flux measurements is frequently dominated by its statistical element, as opposed
to systematic errors. The systematic uncertainties deriving from the CRRES instrument
and the analysis method are complicated and differ in the ease with which they lend
themselves to quantitative expression. The prim ary sources of systematic uncertainty in
the analysis are: (1) the uncertainty of the particle’s trajectory and thus its pathlength
through the detectors, incident energy, etc.; (2) the fact that the term NPiIA in Equation
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6.2 may include some events analyzed at times when the rate counters are disabled and
Nrate^ not incrementing; (3) saturation o f the detectors and the rate counters at times o f
high intensities, such that

does not reflect the true number o f events entering the

instrument; (4) the error of the residual energy signals in the detectors; (5) the
uncertainty o f the interaction correction; and (6) background subtraction.
W ith regard to (1), Figure 2.7 demonstrated that the angular resolution o f heavy ions
measured during CRRES calibration testing did not degrade when the beam was targeted
at 25° incidence to the instrument as opposed to 5°. Figure 2.14 showed that the
isotopic resolution o f the instrument is insensitive to the angle o f incidence o f incoming
particles. From this one may conclude that the error in the determination o f the particle
trajectories for these calibration tests was small, as it did not degrade the isotopic
resolution o f the instrument as angles increased. In regard to (2), it was previously
mentioned that analysis at the University of Chicago found that this second source of
error amounted to about a 1% uncertainty. This is small compared to the statistical
uncertainties o f most of the measurements made for this work, particularly in the P3
priority channel.
Error source (3) is difficult to quantify since it reflects a state in which the physical
environment becomes no longer fully measurable to the ONR-604 instrument, such that
proper account o f the actual intensities o f P3 events incident upon the instrument cannot
be taken. However, this condition arises mostly in the radiation belts. Measurements
reported in this dissertation are restricted to the outer regions o f the orbit, outside the P3
saturation regions o f the radiation belts, and thus this saturation effect does not
contribute significantly to the uncertainties of these measurements. However, in
previous CRRES analysis, dealing with the inner magnetosphere, this saturation effect
becomes prohibitive and certain portions o f the orbit must be designated where the
measurements are inconclusive (Chen et al. 1994a).
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In regard to error source (4) above, the detectors w ere designed in order to provide
isotopic resolution for species through nickel, requiring the energy signals to be
m easured to a precision o f 0.1% or better. The calibration data in Figure 2.14 only
extends to manganese, but the isotopic resolution through nickel is not significantly less
than the good resolution shown in Figure 2.14. The design goal o f being capable of
resolving nickel isotopes was met and the error in the detector energy measurements is
therefore very small.
Item (5) above, the interaction correction, depends on the uncertainties o f the
interaction cross sections involved in the calculation o f the fraction o f particles
interacting. These cross section uncertainties vary depending on the specific interaction,
but are typically less than 10%. For interactions as an exponential function o f
pathlength, i.e., N - N0e 'X(T, where x is the pathlength and <x the cross section, a 10%
uncertainty in o propagates to about a 1-2% uncertainty in N.
The background subtraction, item (6) above, consisting o f the removal o f certain
events that were rejected for analysis as described in Section 6.2, involves a very small
number o f events, much less than 1% o f the events analyzed. Most invalid events were
rejected for analysis in real time by the instrum ent electronics through the gate control
and priority logic. The few events that evaded autom atic elimination and were removed
in pre-processing as described in Section 6.2 constituted a tiny fraction o f the events
analyzed.
A reasonable estimate o f the aggregate system atic uncertainty in most cases is about
2%. This is usually small compared to the statistical uncertainties o f the measurements,
particularly due to the fact that P3 events in the PSDs are (1) few to begin with; and (2)
generally divided, for a single energy bin, among tw o o r more detectors, for which
independent flux calculations must be made. In the Kevex detectors where large
numbers o f events are sometimes recorded, statistical and systematic uncertainties are
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roughly o f the same order. The largest source o f systematic uncertainty is that from
fragmentations within the detectors. In this analysis the sum of all the aforementioned
sources o f systematic uncertainty is treated uniform ly as a 2% uncertainty in all flux and
ratio calculations. The exception is the analysis o f helium isotopes in D4, where a -14%
uncertainty in the resolution o f the isotopes (see Section 6.3.2 and Figure 6.6) is
observed. The only measurements reported here for which the total uncertainties,
systematic plus statistical, are large enough to significantly affect the interpretation o f the
results are those based on very small numbers o f P3 events, where the statistical
uncertainties are comparatively large and dom inate over the systematic uncertainties in
any case.
The statistical portion o f the uncertainty (1 o errors are used in all cases) applied to
the fluxes is taken from Poisson statistics, and is equal to (VN)/N for a set o f N
particles. When this is applied to each o f the term s in the total flux calculated in the
previous section, an uncertainty for each term , for D6, K1(P3), and K1(P2), is obtained
in flux units. These uncertainties are then added to arrive at the overall statistical
uncertainty of the flux measurement. Based o n the event counts in Table 6.2, the
fractional statistical uncertainties for D6, K1(P3), and K1(P2) are approximately 45%,
38%, and 2%, respectively. Converted to flux units these become uncertainties o f
1.81 x 10-4, 3.85 x 10-4, and 1.33 x 10'5, again for D6, K1(P3), and K1(P2),
*4
2
respectively. Combined this gives a total 1 <T statistical uncertainty o f 5.79 x 10 (cm
sr sec M eV/nucleon)'1. The 2% systematic uncertainty is 4.04 x 10'5 (cm2sr sec
MeV/nucleon)*1. Thus the total helium flux reported for the 43-48 MeV/nucleon energy
bin for the March C solar flare has a 31% uncertainty and a value of:
F t o ta l

= 2.02 x 10'3 ± 6.19 x 10"4 (cm 2sr sec MeV/nucleon)'1.
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6.5 P a rtic le R atio s
Once the procedure for making a flux calculation from a set o f N particles is
established, the method for calculating particle ratios is readily understood. The key to
such a ratio is that it must reflect the ratio o f counts o f both species, taken from the same
energy range o f their respective spectra. The ratio o f counts o f one element or isotope in
one energy range, to counts of another in a completely different portion o f the energy
spectrum, is meaningless. Ratios o f particles of two separate species, properly taken
from the identical energy range o f their spectra, provide a measure o f the relative
abundances o f those species in the m atter sample from which the measurements were
taken. This can yield insights into the origin and/or acceleration o f the particles. The
procedure for calculating particle ratios is identical whether the ratio is one o f two
different elem ents, or two isotopes o f the same elem ent
The need to account for the energy range o f each species and ensure that it is identical
is due to the fact th a t due to their different rates of energy deposit when passing through
the silicon detectors, no two distinct species will deposit particles in the ONR-604
detector stack from precisely the sam e energy range of their spectra. For instance, iron
particles in the CRRES data all possess incident energies between roughly 200-500
MeV/nucleon, while the corresponding range of instrument sensitivity to oxygen is
approximately 70-250 MeV/nucleon. If seeking to calculate the Fe/O ratio from a certain
portion o f the CRRES mission, one could restrict the data only to include particles o f
each element from the range of overlap between their respective energy intervals, namely
200-250 MeV/nucleon. However this would severely restrict the event statistics o f both
measurements, iron and oxygen, and waste most of the data collected. A more efficient
use of the full set o f measurements is possible.
The procedure necessary to reconcile the energy ranges o f two distinct species such
as Fe and O is to obtain the spectrum o f one species, and extrapolate it across the energy
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range o f the other species. Assume w e do this for oxygen. The oxygen spectrum is
extrapolated upwards in energy from the measurement lim it o f 250 MeV/nucleon to a
value o f 500 MeV/nucleon. This spectrum is then integrated across the Fe energy range,
and multiplied by the effective livetime and geometric factor, the necessary
normalizations to arrive at an effective “count” o f oxygen particles that the instrument
would have m easured in the 200-500 M eV range o f the oxygen spectrum, if the
instrument were sensitive to oxygen in that range. This “count” can be used as the basis
for an Fe/O ratio.
One consideration that must be taken into account is the possibility that particles o f
two different species come from different ONR-604 instrum ent priority channels. If that
is the case, then one must take care that the comparison of, say, Fe to O, is not biased
by instrument efficiencies that skew the ratio. For these two elements this is necessary
because, by design o f the detectors and the discrim inator thresholds, oxygen generally
falls in the P2 priority channel while iron is mostly P I (the events stopping in the PSDs
being the exception; these are P3 regardless o f species). The simplest way to ensure
compatibility in regard to the particles’ priority is to see that both sets of particle counts
forming the ratio (in the example in progress, the iron counts are “true” counts measured
by the instrument, while the oxygen counts are “effective” counts calculated from the
spectrum) are corrected for instrument efficiency before the ratio is taken.
The oxygen contribution to the ratio is obtained from the oxygen spectrum. This
spectrum, calculated using Equation 6.2, is already correctly normalized for instrument
priority by means o f the term N ^ -^ /N p ^ in Equation 6.2. The number o f effective
oxygen “counts” obtained by integrating the energy spectrum from 200-500 MeV and
multiplying by the geometric factor and effective livetime therefore reflects an ideal set of
measurements w ith an assumed 100% Instrum ent efficiency. W hen calculating a ratio of
iron to oxygen using this number o f effective oxygen counts and a set of genuine iron
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events, all that is then necessary to ensure correct priority normalization is to normalize
the iron counts by the P I efficiency normalization scale factor, (NRATE/N PHA)P1. W hat
we then have for the ratio Rp^o is:
R fe/O =

(N°)-?*cnvB

(63)

C N W fS S i)"
N

pha

This completes the ratio calculation. One final consideration is that the foregoing
procedure requires that enough particles o f at least one species are collected to provide
sufficient event statistics for a determination o f the full energy spectrum. This is not
always the case. W hat is then necessary is to use another, more abundant species as a
proxy and m ake an assumption about the spectral shape o f one o f the two species o f
interest. Rem aining with the Fe/O example, suppose that sufficient event statistics do
not exist to calculate the oxygen spectrum. One m ay, however, have enough helium
events to calculate the full helium spectrum. Using helium in the role assigned in the
discussion above to oxygen, as the species whose spectrum is extrapolated, one can
thus calculate the ratio o f helium to oxygen. If one then makes the assumption that
oxygen and helium will have the same spectral index, an estimated oxygen spectrum can
be obtained by scaling the helium spectrum by the newly obtained O/He ratio. From the
spectra shown earlier in Figure 3.5, one sees that at energies above the turnover due to
solar modulation and above the realm of the anomalous component, this may often be a
reasonable assum ption for the galactic cosmic rays. The assumption that two distinct
elements such as oxygen and helium will have the sam e spectral index becomes
somewhat more speculative when dealing with solar energetic particles. Sometimes the
spectra of m any different species are observed to have nearly identical power law
indices; in other events, this is not the case. Reames et al. (1997) report gradual SEP
events in w hich the spectra o f protons, helium, carbon, oxygen, and iron all obey a
power law with a very sim ilar index; while they report spectra ^He-rich, impulsive flares
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that are not only dissim ilar to each other, but deviate substantially from a well-behaved
energy power law spectrum.

6.6 Searching for the Anomalous Component of Helium
Using the local interstellar spectra and solar m odulation of the CHIM E model.
Figures 6.7-6.10 illustrate the basis o f the effort to extract the anomalous helium from
the overall helium flux. Figure 6.7 shows m odel-calculated spectra o f helium, free o f
geomagnetic effects (as would be m easured at 1 AU, but outside the
geomagnetosphere), plotted separately fo r the anomalous cosmic rays (ACR) and the
galactic cosmic rays (GCR), and shows the tw o summed together. The spectra are
calculated for solar minimum conditions. T he figure shows that below about 70
MeV/nucleon, the combined spectrum takes an upturn reflecting the fact that the ACR
contribution is becoming significant B elow about 40 MeV/nucleon, the ACR becomes
dom inant
Figure 6.8 shows the corresponding situation under solar maximum conditions,
corresponding to the 1990-91 CRRES m ission. Now, while both the GCR and ACR
are more heavily modulated than at solar minim um, the anomalous component is
modulated to such low levels that its contribution to the combined helium flux is more
than an order o f magnitude less than galactic component, even at the lowest energies
calculated. From this, one expects the anom alous component to vanish at solar
maximum, lost in the more intense flux o f galactic helium.
However, the anomalous component is still present, if at comparatively low
intensities. Figures 6.7 and 6.8 do not include any geomagnetic effects; in effect they
are calculated as would be observed at the high L-shells o f the CRRES orbit (L > 6 is
chosen throughout this analysis as a region to which the data is restricted when
geomagnetic effects are to be eliminated). T o observe the effect o f traveling deeper into
the magnetosphere, where geomagnetic access begins to play a role, Figure 6.9 shows
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the CHIME model spectra predicted for the galactic and anomalous components,
m easured at L = 4 in the magnetosphere. Note that in Figures 6.7 and 6.8, the cutoff o f
the spectra at 10 M eV/nucleon is simply the lowest energy to which the model extends;
however in Figure 6.9, the cutoffs in the ACR and GCR spectra are a genuine physical
effect, the geomagnetic cutoff (the cutoff used in the figure is for vertically arriving
particles). Below the cutoff energy o f each respective population, that component o f
helium is eliminated at L = 4 by geomagnetic shielding. Comparing the curves for the
ACR and GCR one sees that the galactic component spectrum cuts off at about 130
MeV/nucleon, while the ACR spectrum extends down to about 30 MeV/nucleon.
W ithin the energy range detectable by ONR-604, the lower in the ACR energy
spectrum one looks, the greater the flux. Furthermore, the higher one goes in the
detector stack, the greater the geometric factor. In the PSD stack, the top three detectors
D1-D3 are also twice as thick as D4-D6, increasing the number o f particles stopping in a
single detector. Helium resolution is not possible for events stopping in D1 and D2,
where only one or two energy deposit measurements are insufficient to reliably identify
particle charge, much less isotopic mass. However the instrument can resolve helium in
D3 under some circumstances. The energy range o f approximately 30-40 MeV/nucleon,
which stops primarily in the D3 detector, is the portion o f the ACR spectrum m ost likely
to be detectable. Above this energy the particles penetrate to D4, where they are easier
to resolve due to the availability o f trajectory information, but where the collecting
pow er is much lower due to sm aller geometric factor. Also the spectrum itself offers a
greater flux of particles from 30-40 MeV/nucleon than at higher energies. Thus the
search for ACR helium begins in the D3 detector.
Figure 6.10 shows the results o f converting the CHIME spectra into the equivalent o f
a histogram by the analytic energy spectra across the energy range stopping in detector
D3. The vertical scale o f this figure is labeled ‘‘Events” but its units are arbitrary as the
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vertical scale is not normalized by any particular tim e o r geometric factor, and no attempt
is m ade to account for instrument efficiencies. The graph is only intended to indicate the
shape and proportions o f an event histogram that w ould result from real particle spectra
agreeing with the model ACR and GCR spectra. W hat is illustrated most clearly is the
location at which the galactic component is expected to fall off, abruptly, and beyond
which the helium extending deeper into the m agnetosphere is pure anomalous
component. The figure shows that this transition occurs near L = 5.5 and that the region
o f pure anomalous helium lies between L = 4 and L = 5.5. The cutoff in this figure, as
in Figure 6.9, assumes vertical arrival o f the particles; for w est arrival, both the galactic
and anomalous component will penetrate somewhat farther into the magnetosphere.
How ever Figure 6.10 shows the basic signature o f the ACR helium that one may look
for in the actual satellite data. This was the basis for the effort to detect the anomalous
component using the magnetic field of the Earth as a rigidity filter. The results will be
described in the next chapter.

L -S H E L L
Figure 6.10 Simulated histogram of helium “events” versus L-shell, estimated from
CHIM E spectra o f ACR and GCR helium. T he vertical scale is unnormalized and
arbitrary in magnitude.
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Chapter 7

Results

7.1 Introduction
This chapter presents the results o f this work, partitioned into the following m ajor
topics: (1) CRRES particle fluxes and ratios in solar quiet times, including the effort to
detect the anomalous component; (2) particle fluxes and ratios during large solar flares.
Summary and interpretation o f these results will be presented in Chapter 8.

7.2 Solar Quiet Times
The “quiet” periods o f the CRRES mission were selected on the basis o f the rate o f
P2 helium counts per orbit measured by ONR-604. First, the P2 helium data over the
full mission was exam ined and the interval with the few est spikes and transient
irregularities was selected. Figure 7.1 shows the rate o f helium counts per orbit, plotted
versus time for the entire CRRES mission. The period selected as a baseline for
defining CRRES quiet tim e corresponded to CRRES orbits 301-350. This period lay in
November and Decem ber 1990 and is indicated on Figure 7.1. For this interval the
average rate of helium events, <N>, in counts per orbit, was found. This P2 “quiet”
count rate was used as a standard by which to classify each orbit o f the mission as either
quiet or unquiet For every o rb it the number of P2 helium counts in that orbit was
found and if this exceeded 2.5<N>, the orbit is classified as unquiet. If the count rate is
less than or equal to 2.5<N >, the orbit is considered quiet. Finally, only events from
these quiet orbits contribute to the results discussed in section 7.2 and its subsections.
The principle results reported in this section for the solar quiet periods of the CRRES
m ission are (1) outcome o f the attempt to observe the anomalous component o f helium
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under solar maximum conditions, using the geomagnetosphere as a rigidity filter; and
(2) measurements to extend the CRRES galactic cosm ic ray spectra observations
downward in energy by completing the analysis o f particles stopping in the PSD
detectors. Item (2) produced some unanticipated effects that required closer study and
led to (3), the examination o f the 3He/4He ratio as a function o f energy and a t different
phases o f the CRRES quiet tim es and consideration o f its relationship to the behavior o f
the helium spectra.
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7.2.1 The Anomalous Component
As previously described in Chapters 1 and 3, a goal o f this work was to search in the
CRRES data for evidence o f the anomalous component o f helium. This effort was
predicated on the model o f Fisk et al. (1974) and the assumption that the anomalous
component is a population o f mostly singly ionized particles with a power-law local
interstellar spectral index. The development o f the CHIME model and its treatment of
the anomalous component as described in Chapter 5 was guided by the Fisk model.
This model predicts a non-zero level of anomalous helium ions present in the total
helium flux at solar maximum. However, no experiment as yet has measured
anomalous helium at solar maximum. SAMPEX has observed the anomalous
component using the geomagnetic field as a filter (Mewaldt et al. 1996), but these
observations were made in 1992-95, during recovery phase and solar minimum period
that followed the CRRES mission. If the anomalous component could be observed in
the interior of the magnetosphere during the 1990-91 solar maximum, it would serve to
confirm the Fisk model’s basic hypotheses that (1) the anomalous component is singly
charged; and (2) it consists at the edge o f the heliosphere of a power-law spectrum of
particles that are modulated as they travel inwards to the Earth. Conversely, failure to
observe the anomalous component, if based on measurements with a sufficient
confidence level to conclude that the anomalous helium was actually not present, would
serve as a challenge to the basic Fisk model, particularly the premise (1) above, that the
particles are singly charged.
The analytical work, based on the CHIME model, to predict the location where the
anomalous cosmic ray (ACR) helium becomes dominant over the galactic cosmic ray
(GCR) component, was described in Chapter 6. The immediate step to make, for direct
comparison with the m odel prediction shown in Figure 6.10, is to obtain the cleanest
possible set of helium events stopping in D3, by the regular methods o f particle analysis
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described in Chapter 6, and make a histogram o f these events as a function o f L-shell.
This histogram should agree essentially with Figure 6.10. O f course one does not
expect a nearly ideal step-function as in the model calculation; the arrival o f particles
from all different directions is expected to round off the shoulder o f the step-function
and produce a less sharp transition from GCR to ACR predominance. But the general
effect should still prevail. Instead, what is found in the D3 data is shown in Figure 7.2.
This histogram represents actual events collected over a 11-day period in November
1990. Far from the shelf-like shape o f the predicted distribution, instead one sees a very
large, broad peak o f events spanning the region from about L = 2.5 to L = 5.5.
Due to the dynamics o f the orbit and the shape o f the dipole field, the satellite does
not spend equal amounts o f time at each L-shell. It was necessary therefore to account
for instrum ent exposure tim e at each L-shell bin in Figure 7.2, and normalize the
histogram, bin-by-bin, to elim inate bias towards L-shells (particularly near apogee)
where the instrument collected more events, purely because it spent greater amounts of
time there. This was done in Figure 7.2. The figure represents particle intensities in
D3, unbiased by instrument residency time in the different L-regions.
Clearly Figure 7.2 is not the product o f the expected combination o f galactic and
anomalous component helium. Either the peak in the histogram represents a hitherto
unknown, and very intense, radiation belt of trapped helium , or else some other
background that mimics helium in the analysis. Figure 7.3 shows the singles counting
rate in the active guard shield, S, for a 50-orbit interval beginning in September 1990,
and including the time period over which the “helium” candidate events in Figure 7.2
were collected. The guard counter (anti-coincidence scintillator) surrounds the ONR604 instrum ent on the sides and responds to all species o f charged particles incident
upon it; its singles rate therefore reflects an amalgamation o f all charged particles
encountered by the satellite: protons, electrons, and heavy ions. The figure suggests
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Figure 7.2 Histogram o f events satisfying all helium cuts in the D3 detector,
versus L-shell.
that there is a real source of particles incident on the spacecraft that produces the peak
seen in Figure 7.2. A pair of broad peaks in the S-rate occupy essentially the same
region o f the magnetosphere where the peak is seen in helium counts. The large peaks
in S-rate are generated when the instrum ent passes through the electron and proton
radiation belts. The evidence begins to suggest that the peak in Figure 7.2 is a
background effect from trapped radiation particles.
This is confirmed by referring to the AE6MAX quiet time trapped electron model for
solar maximum, mentioned in C hapter 3. Figure 7.4 shows the AE6MAX calculation o f
the quiet tim e 1 MeV trapped electron fluxes as a function o f L-shell. These fluxes w ere
calculated from the model, using the actual orbital positions o f the CRRES satellite
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Figure 7.3 Singles counting rates in the anti-coincidence scintillator S,
versus L-shell.
over a portion o f the 50-orbit interval used to generate Figure 7.3. Figure 7.4 shows
that the outer electron radiation belt is m ost intense at more or less precisely the same
location where the S-rates are highest, and where the counts o f D3 “helium” are also at a
maximum. The evidence suggests th at what is seen in Figure 7.2 is not helium at all;
rather it is background from energetic electrons. For electrons of, say, 10 MeV to
mimic the energy deposits in detectors D1-D3 o f an actual helium event requires about a
tenfold pile-up o f electrons in the detectors within the gate time o f the ADCs. Such an
intense flux o f electrons would be capable o f generating aggregate energy deposits in the
detectors that mimic the energy deposits o f helium, which can defeat the analysis
technique used to separate helium from other particles passing through the detectors.
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calculated for the CRRJES orbit.
The alum inum window eliminates most incident electrons from the electronics, and
most o f those that make it through the window stop in D l. However, even without a
detailed study o f the electron flux spectra encountered by CRRES, which is beyond the
capabilities o f ONR-604, the indirect evidence from the agreement o f the locations o f the
maxima in “helium ” candidates, active guard counter rates, and trapped electron
intensities, suggests that the election intensities encountered by the satellite were
sufficient to produce electron pile-ups in the detectors that masked the helium in D3 in
precisely the region o f space where the critical transition from galactic to anomalous
component w as to be sought
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This essentially terminates the effort to observe the anomalous component in the
CRRES data. One can look higher in energy, in D4-D6, w here the thickness o f silicon
in the detector stack above the stopping detector increases the shielding against electrons;
and the higher energy range decreases the likelihood o f sufficiently multifold pile-ups o f
electrons to obscure the helium signal. However, the num ber o f helium events
measured in the crucial L-shell region o f 2.5-5.5 in detectors D 4-D 6 is too small to be o f
statistical significance. The collecting power o f D4-D6 is too sm all and the ACR flux
too low (at the higher energy range o f D4-D6, compared to D 3) to produce sufficient
numbers o f events to draw any conclusions. The search for the anomalous component
at solar maximum is therefore inconclusive, due to basic lim itations of the instrument in
the background o f the outer electron radiation belt.

7.2.2 Quiet-Time Particle Spectra and Ratios
In the absence of the anomalous component, and during solar quiet periods when no
large solar flares take place, the flux o f cosmic rays at large L-shells in the energy range
measured by CRRES is expected to consist o f pure galactic cosm ic rays. However, the
results presented in this chapter will show that, at least for helium , there is a significant
additional component to the particle spectrum. The helium spectrum in the early stages
of the CRRES mission was nearly in agreement with a pure galactic cosmic ray
spectrum; but at energies below about 50 MeV/nucleon, as the mission progresses,
another component to the spectrum asserts itself, generally rising in strength as the
mission goes on. Helium isotopic ratios calculated at different tim es and in different
portions o f the spectrum also indicate that a different population o f helium, distinct from
the galactic cosmic rays, dominates the helium spectrum below 50 MeV/nucleon during
most o f the CRRES mission.
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7.2.2.1 The Helium Spectra
Ideally one desires to observe the fluxes on the finest tim e scale available; daily or,
better still, hourly averages would show the detailed behavior o f the spectrum and
provide insight into transient effects that are lost in long-term averages. But the
collecting power o f ONR-604 and the fact that much o f its orbit was spent in regions
where the ion spectra were suppressed by geomagnetic shielding lim it the number o f
events collected, and thus dictate the tim escales over which fluxes can be calculated.
Therefore the solar quiet time o f the CRRES mission was divided into four periods.
The periods were chosen with the goal o f obtaining a roughly equal partitioning o f the
mission livetime, into intervals as short as the statistics o f the heavy ion measurements
would support The equal partitioning o f livetime did not apply to Period 3, whose
confines were dictated by the onset o f the March flare period. Early in this work
Periods 2 and 3 were treated as a single interval due to their similar levels of solar
modulation; later they were split apart based on observations o f the differences in their
helium spectra and isotopic ratios.
The CRRES quiet periods are illustrated, along with the occurrence of the M arch and
June flares, in the lower panel o f Figure 7.5. In the top panel is the IMP-8 70-95
M eV/nucleon helium, in weekly averages, from which the CHIME solar modulation
level was derived.
Figures 7.6-7.10 show the solar quiet-tim e helium spectra measured by CRRES. In
order to observe the development o f the helium spectrum over the course of the m ission,
events w ere summed and fluxes calculated for the four quiet-time periods. The orbits
and dates corresponding to these periods are shown in Table 7.1. The periods are
organized by the level of solar m odulation and by the occurrence o f large solar flares.
Period 1 spans about the first four m onths o f the mission, a relatively solar-quiet period
with a high level o f solar
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Table 7.1 CRRES quiet-time periods.
Period

Modulation Level <X>

d ib its

Dates

1

1589 MV

60-349

19 A ug. 19^0-15 Dec. 1990

2

1344

550-585

l5 t>ec.

3

1370

604-678

31 M arch 1^91-30 April 1991

4

1432

679-709
712-758
801-814
862-974

1 M ay 1991-13 May 1991
14 M ay 1991-2 June 1991
20 June 1991-25 June 1991
16 July 1991-23 August 1991
8 Sept. 1991-2 Oct. 1991
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Figure 7.S Timeline o f the CRRES m ission (bottom ). Gaps in Periods 1 ,2 , and
3 indicate non-quiet oibits during those periods. Gaps in Period 4 include non
quiet orbits and breaks between quiet intervals. The top panel shows the IM P-8
70-95 MeV/n helium flux during the same time period.
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Figure 7.8 Quiet-time helium spectrum, Period 3.
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Figure 7.10 Quiet-time helium spectrum, averaged over the full CRRES mission.
modulation. Period 2 is a recovery phase during which the solar m odulation decreases
to its low est levels during the CRRES mission. It lasts about three m onths. Period 3 is
separated from Period 2 by a m ajor series o f solar flares in March 1991, including one
o f the biggest events ever recorded, and a large geomagnetic storm in the magnetosphere
that resulted from a blast wave o f solar energetic particles arriving at the Earth.
Although Period 3 was designated as quiet tim e for this analysis, based on the low
levels o f P2 helium as described in section 7.2, evidence will be presented here that the
helium m easured by CRRES during this period was significantly influenced at the low
end o f the spectrum by the March flares. Period 3 represents about one m onth of
collection time. Finally, Period 4 is a collection o f non-contiguous intervals o f solar
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inactivity from the late part of the CRRES mission, totaling about three months o f
measurements with contributions from M ay through O ctober 1991.
Returning to the spectra: Figures 7.6-7.9 show the average helium spectra for the
four periods ju st described. Figure 7.10 is the corresponding spectrum, averaged over
the entire collection of solar quiet periods 1-4. Figure 7.10 contains all of the helium
collected by the ONR-604 instrument, outside o f solar flare periods, over the lifetime o f
the mission. These spectra were obtained at L-shells greater than 6, excluding regions
where the spectrum would be biased by geomagnetic access effects. The region L > 6 is
accessible without cutoff effects to helium and all heavy ions resolved by the ONR-604
instrument. The solid lines in Figures 7.6-7.10 are CHIM E model calculated spectra.
Recall that the model accounts for both the galactic and anomalous components to the
cosmic rays, but the anomalous component is completely suppressed; the spectra
calculated by the model therefore represent the pure galactic component
Above approximately 60 MeV/nucleon, the spectra in Figures 7.6-7.10, at every
phase o f the mission, and averaged over the whole m ission, agree in shape with the
CHIME calculation of the galactic cosmic ray spectra. Their deviation in amplitude from
the model calculation is generally less than 2 <7, som etim es less than 1 (7. W ith the
exception o f Period 3, for which the helium spectrum is essentially flat, the measured
spectra are reasonably in agreement with the model predictions for the galactic cosmic
rays above 60 MeV/nucleon. Below that energy, however, the spectra deviate
substantially from what is expected from the galactic cosm ic rays alone.
Beginning in Period 1 (Figure 7.6), in the first three energy bins, there is a slight
suggestion o f an upturn in the spectrum. Regarding the calculated values alone, the
spectrum would appear to turn up and begin to rise at about 55-60 MeV/nucleon.
However, the event statistics in these first three bins are comparatively low (this will be
explained later in this section) and the effect, if any, is not statistically significant. If the
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rest o f the mission remained sim ilar there would be no need to examine these spectra
much m ore closely since they are in accordance with the well understood properties o f
the galactic cosmic rays.
However, in Figure 7.7, stepping forward about four months in time, w hat was
perhaps a faint suggestion o f an effect in Period 1 has, in Period 2, become substantially
stronger. Consider specifically the second data point in the spectrum, in the 43-48
MeV/nucleon energy bin. If the galactic cosmic ray spectrum is taken to have the shape
of the CHIME calculation, using the amplitude o f the measured points above 60
MeV/nucleon, and extrapolating this measured spectrum down to the 43-48
MeV/nucleon range, the predicted flux at that energy would be approximately 1.7 x 10*z
(m2 sr s M eV/nucleon)'1. The m easured flux is more than 3 <x higher than this value.
Likewise, in Figure 7.9 for Period 4, the excess at 43-48 MeV/nucleon above the
galactic level is over 4<r. In betw een, in Figure 7.8 for Period 3, the effect appears still
to be present but the entire spectrum is less ordered due to the shortness o f the interval,
low numbers o f events leading to large statistical errors, and possibly the effect o f solar
conditions which will be discussed later in this and the following chapter. In Figure
7.10, where quiet-time events are collected over the full CRRES mission and statistical
errors are smallest, the flux at 43-48 MeV/nucleon is about 6 O' higher than the level
extrapolated from the 60-110 M eV/nucleon measured spectrum (this significance level is
relative to a fit through the measured data points, not relative to the CHIME model
spectrum shown in Figure 7.10).
Several features o f these spectra m ust be discussed. First, note that in all o f Figures
7.6-7.10, the lowest energy bin in the spectrum is represented by a lower limit rather
than a regular data point. This is because some helium particles in the 38-43
MeV/nucleon range stop in the D3 detector and are not analyzed due to the poor
resolution provided in D3. The data contributing to the 38-43 MeV point in the
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spectrum do not include any attem pt to estim ate the number o f events lost in D3, but
merely represent a flux calculated w ith particles from D4 and deeper in the detector
stack. Thus they are a lower lim it. It is not possible to determ ine from Figures 7.67.10 whether the spectra turn dow n below 40 MeV, as they generally appear to do if the
first point were taken as fact, or w hether the lost events in D3 (and potentially even a
few in D2) would lift the 38-43 M eV flux up enough to reveal a continuation o f the
rising trend from 60 to 40 M eV/nucleon. The same surplus o f helium during this period
has been observed with the IM P-8 instrum ent and those measurements indicate the
spectrum continues to rise, w ith a pow er law spectral shape rising continuously at least
down to ~10 M eV/nucleon during early 1991. A similar effect was seen by IMP-8
during the previous solar m

a x im u m

in 1982, extending downwards to the same energies

but w ith an amplitude ~3 times low er at 12 MeV/nucleon than in 1991. The same effect,
at roughly the same energies, and during the same periods, w as seen by IMP-8 in the
proton spectra in 1982 and 1991 (Garcia-M unoz, private communication).
Another vital point in regard to the spectra in Figures 7.6-7.10 is the contribution to
the spectra o f events from both the P2 and P3 priority channels. As discussed in
Chapter 2, the priority logic thresholds were designed with the intent that helium in the
energy range detected by the instrum ent should be prioritized as P2. This is generally
the case, with three exceptions: (1) all events stopping in the PSDs are P3 by definition
because they cannot satisfy the K1-K 2 discrim inator thresholds for P2; (2) events
stopping in the topmost layer o f K1 m ay not deposit enough energy in K1 to m eet the
P2 discrim inator test, and therefore are P3 events; and (3) due to the differential energy
loss rate o f helium in silicon, w ith m ore energetic particles depositing less energy per
unit pathlength than less energetic particles, the most energetic helium particles stopped
by the ONR-604 instrument m ake energy deposits in K1 and K2 that are too small to
m eet the P2 logic requirements.
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Item s (1) and (2) above apply to all species measured by CRRES; however, due to
the fact that energy loss rate o f a charged particle in matter goes as the square o f the
particle’s charge, particles o f greater charge than helium deposit energy more efficiently
in the detectors. In practice, no P3 heavy ions are witnessed that stop in the topmost
layer o f K 1; for particles heavier than helium, the layer o f K1 in which this is possible
becomes very thin and the probability o f a particle stopping there decreases
correspondingly. Likewise, and for the same reason, no heavy ions penetrating past K1
and K2 and stopping deeper in the Kevex stack are classed as P3 due to factor (3)
above. T hat mechanism applies only to helium.
Item (3) as described here plays a critical role in this analysis. The instrument was
not designed specifically with this intent, but it is a fortunate circumstance that the
helium stopping in the deepest portion o f the Kevex stack is prioritized as P3. In
practice, 100% o f the helium events stopping in K7 and K8 are P3 events, and much of
the data from K5 and K6 as well. K5 and K6 have a P2 component o f helium also,
from events traversing the detectors at greater angles so their energy deposits are
increased enough to meet the P2 discrim inator thresholds.
W ithout this effect, the P3 helium would consist entirely o f the portion o f the data
from the top o f the instrument, the lowest-energy portion o f the helium spectrum, about
38-50 M eV/nucleon. While this low-energy data can be and is analyzed successfully, it
has certain lim itations. This is the portion o f the data where the geometric factors are
largest; angles o f incidence vary the most; trajectory information is the least reliable; and
charge and m ass resolution are poorest. Compared to analyzing P2 data from the Kevex
detectors, resolution of the particles and elimination of background is much more
challenging in the PSDs. Furthermore, because P3 helium does not have the benefit of
preferential analysis over the more abundant protons, as the logic is designed to provide
for P2 helium , the statistics o f the helium measurements are poor in P3. This results in
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comparatively large statistical errors (this is observed in the first three and last five
energy bins o f each o f the spectra in Figures 7.6-7.10, each o f which has contributions
from P3 helium events). As explained in Chapter 6 , it also means that these P3 events
are normalized in the flux calculations by a large N ^ ^ /N p ^ scale factor to correct for
the instrument analysis efficiency. The more events that are lost due to the instrument
priority efficiency, the larger this normalization factor becomes. The resulting flux then
consists in its magnitude to a lesser extent o f actual measured data, and more of an
inferred correction.
The existence o f P3 helium events in the K5-K8 range o f the Kevex stack is therefore
vital to validate the normalizations used to analyze P3 data. The particles in this range of
the instrument are measured with the greatest resolution afforded any data in the ONR604 instrument. They enjoy the benefit o f the full set o f PSD P/E measurements for
calculating their trajectories. The lower detectors have the smallest geometrical
acceptance cone; hence particles stopping there approach from smaller angles o f
incidence. This introduces smaller errors in the trajectory determination and the charge,
mass, and incident energy calculations that critically depend on the measured angle o f
incidence. In short, the events in K5-K8 are the highest quality events in the CRRES
data set.
Furthermore, the energy spectrum o f helium in the 80-110 MeV range is free o f
contamination from solar flares, the anomalous com ponent, or other sources, and is
dominated by the galactic cosmic rays, giving the expected spectrum a well-defined and
predictable shape to compare to measured data. W hat we have, then, in the 80-110
MeV/nucleon energy range of the spectrum, is a set o f the cleanest, highest resolution
helium particles the instrument can provide, yielding fluxes in a portion of the helium
spectrum where the spectral characteristics are well understood and can be accurately
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predicted. This provides an ideal test o f the P3 normalizations used in the flux
calculation.
Regarding any o f the spectra in Figures 7.6-7.10, the fluxes in the low est three
energy bins consist o f a combination of P2 and P3 data, with P3 dominating; the next
four fluxes are pure P2; the next four are a m ix o f P2 and P3; and the highest energy
point is pure P3. (The various mix of P2 and P3; the P2 and P3 contributions to the
separate bins o f the helium energy spectrum are shown in Table 7.2. The flux
normalizations for P3 are identical for P3 data at the high and the low ends o f the
spectrum. Thus, if the P3 data at 80-110 M eV/nucleon, normalized properly to obtain a
flux, yield spectral points that join smoothly in the spectrum with points derived from
P2 data, and combine to give the proper galactic cosm ic ray spectral shape, then this
indicates that the P3 flux normalizations are valid.

Table 7.2 Partitioning o f the helium spectral points between P2 and P3.
Spectral Point

Energy (MeV/nucleon)

Priority Channel(s)

1

$8-4$

P2 and P3

2

43-48

P2 and P3

3

48-52

P2 and P3

4

52-60

P2

5

6636

P2

6

66-7$

P2

7

1T-W

8

79-86

P2 and P3

9

86-91

P2 and P3

10

$1-97

P2 and t>3

11

97-105

P2 and P3

12

105-110

P3
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This validation is critical, for the following reason. Given the comparatively large
scale factors used to correct for priority inefficiency in P3, if the P3 data were
concentrated solely at the low energy end o f the spectrum, one could potentially cast
doubt on the measurement as being due to incorrect compensation for instrument
efficiency. One could claim that the P3 normalizations used to calculate the 38-52
MeV/nucleon helium are too large and the surplus in the spectrum is not a real effect.
However, if this were the case, then the 80-110 MeV/nucleon portion o f the spectrum
would appear inflated in the same proportion. That the 80-110 MeV/nucleon range is
well-behaved and in agreement with the expected galactic cosmic ray spectrum serves as
an indication that the excess helium seen in the 38-52 MeV/nucleon range is genuine and
not an artifact o f the priority normalizations.

7.2.2.2 The Helium Isotopic Ratio
The question o f the source o f the excess helium in the 38-52 MeV/nucleon channels
o f the quiet-tim e helium spectra leads to a consideration o f what other diagnostics are
available in the CRRES data to probe these periods, and shed light on the source
population and acceleration mechanism that produce these spectral features. W e know
essentially o f three sources o f non-trapped helium that are generally present at 1 AU: the
galactic cosm ic rays, the anomalous cosmic rays, and solar energetic particles. As
discussed in section 7.2.1, the anomalous component, is not seen by the CRRES
satellite. If it were present at detectable levels, it would consist o f pure “^He, in
accordance w ith its origin as interstellar neutral atomic material (Fisk et al. 1974). B ut
as the anomalous component is not detected, the sole sources of helium encountered at L
> 6 by CRRES are the galactic cosmic rays and the solar energetic particles; the helium
isotopic ratio w ill be interpreted accordingly.
The point o f selecting solar quiet times for special analysis was to avoid periods w hen
the helium spectrum is heavily influenced, or even dominated, by solar energetic
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particles. Particles originating from large SEP events w ill be identified as such and dealt
with separately in a subsequent section o f this work. A s previously described,
however, the quiet-time orbital selection that defines w hether a given time period is
considered quiet or unquiet is based upon P2 helium. The apparent excess seen in the
quiet-time helium spectra below about 60 MeV/nucleon are not detectable without the
inclusion o f the P3 data, which contributes substantially to the overall fluxes in that
energy range. The lowest energy portion o f these spectra includes particles that could
reflect solar activity at energies too low to influence the designation o f the period as quiet
or unquiet w ith the method that was used.
To investigate the possible solar origin o f the apparent surplus o f helium in the E<60
MeV/nucleon portion of the spectrum, the best diagnostic tool available in the CRRES
data is the 3H e/H e ratio. If the time periods over which averages are calculated are not
taken to be too short, sufficient numbers o f particles o f both helium isotopes are
available for analysis that a ratio can be calculated with reasonable statistical certainty.
The 3He/4He ratio is useful as a diagnostic o f the source o f the measured helium, in part
because the ratio is substantially different for the galactic component, anomalous
component, and solar energetic particles. The galactic ratio is stable and for the energy
range in which CRRES measures helium, it is approximately 0.12 (Beatty et al. 1993).
The anomalous component, according to the model o f Fisk et al. (1974), originates as
neutral atomic material in local interstellar space and contains essential no 3He. The
3He/4He ratio in the solar energetic particles is much m ore variable. Depending on
energy and the occurrence o f large solar energetic particle events, and the specific
character o f these events, the ratio can fluctuate, from as low as the solar wind ratio
(with a mean value o f0.0005) to levels greater than 1.0.
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The ^H e/H e ratio is the best available signal in the CRRES data for investigating the
nature o f the excess helium below 60 M eV/nucleon in the quiet-time spectra. Since the
helium in these spectra was expected to be o f pure galactic origin, the obvious
comparison to make in the ratio is to the known, stable galactic cosmic ray 3He/4He
ratio. To do this, the 3He/4He ratio is measured at several different energies,
corresponding to different portions o f the helium spectra, and for the same distinct time
periods as those for which the spectra were plotted in Figures 7.6-7.10. These ratios
are shown in Figure 7.11. The figure shows the average 3He/4He ratio for the four
defined quiet-tim e phases of the CRRES mission, calculated for each interval in three
different energy ranges, represented by the three different symbols in the figure. The
dotted line in the figure indicates the galactic cosmic ray ratio o f Beatty et al. (1993).
Note that the horizontal axis is not to scale in time; each o f the four periods o f the
CRRES quiet time is given equal weight on the horizontal scale, although in fact the
periods differed in their actual length.
The choice o f energy ranges for which the ratios are calculated is explained as
follows; in order to check the consistency o f the ratio with the galactic cosmic rays at the
high energy end o f the spectrum, where the quiet-time helium spectra are in basic
agreement with the expected features o f the galactic cosmic rays, the highest energy
range available is chosen for one ratio calculation. This is 97-110 MeV/nucleon, the two
highest energy bins in the spectra. Two bins are combined to provide better event
statistics. For comparison to this, an interm ediate energy is chosen, to check whether
deviations from the galactic cosmic ray norm appear at energies in the middle o f the
spectrum, or only at the lowest energies. This range is 73-79 MeV/nucleon, a single
energy bin from the middle o f the spectrum.
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Figure 7.11 The quiet-tim e 3H e/4He ratio, in three separate energy ranges,
for quiet Periods 1-4.
A t the low end o f the spectrum, the choice o f energy range required some care. As
m entioned earlier, in the 38-43 M eV/nucleon energy bin, significant amounts o f helium
o f both isotopes are not accounted for due to the fact that they stop in D3. This is the
reason why low er limits are reported in this energy bin in Figures 7.6-7.10. It is also
the case that a substantial fraction o f the ^He in the 43-48 MeV/nucleon range may have
stopped in D3. These missing 3He events would have a small (<10%, based on the
3H e/H e ratio seen in the 48-52 M eV/nucleon range) impact on the flux calculated for the
48-52 M eV/nucleon bin, but they w ould have a very substantial effect on the ^ e / H e
ratio. It is possible, given a m easurement o f the number o f D4 events stopping in the
38-43 M eV/nucleon range, an analytic energy loss model o f the instrument, and
knowledge o f the D3 and D4 geom etric ratios, to estimate the num ber o f ^ e and *He
events stopping in D3 by appropriately scaling the number o f events stopping in D4.
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However, to avoid the uncertainties this estimate would introduce, we chose to take the
lowest energy interval in which no events are lost in D3. This was the 48-52
MeV/nucleon bin indicated in Figure 7.11.
What is seen in Figure 7.11 is that the ^ e / H e ratio at the highest energies in the
spectrum, 97-110 MeV/nucleon, and in the intermediate range, 73-79 MeV/nucleon,
generally agree both with each other, and with the galactic cosm ic ray level. This is true
to within the 1 <7 statistical errors for three o f the four periods o f the CRRES quiet time.
However, for Period 3, the ^H e/H e ratios for the high and interm ediate energies agree
with each other, and with the 48-52 MeV/nucleon ratio, but do not agree with the
galactic cosmic ray ratio.
The behavior o f the 48-52 M eV/nucleon isotopic ratio is sim ilar, in that it is stable
across Periods 1-2 and returns to the same level in Period 4, w hile dipping substantially
lower in Period 3. However the stable level o f the ratio at this low energy is well above
the 0.12 galactic cosmic ray ratio. The equilibrium level, if that is what it is taken to be,
in Periods 1 ,2 , and 4, is closer to about 0.18. Yet, in Period 3, the 3He/4He ratio in the
48-52 MeV/nucleon range is essentially identical to the ratio at the higher energies.
The interpretation of these ratios as they relate to the helium spectra, and to the large
solar energetic particle events that took place during the CRRES mission, will be
discussed in Chapter 8, following the presentation of the SEP results later in this
chapter. There are two major features in Figure 7.11 that require consideration: (1) the
dichotomy between the 48-52 M eV/nucleon isotopic ratio and the ratios in the high and
intermediate energy ranges; and (2) the distinctly different ratios seen in Period 3, during
which the ratio is the same across all energies. The key to (1) m ay be the rigiditydependent enhancement of the ^ e /^ H e ratio of relatively low-energy solar material due
to exposure to interplanetary coronal mass ejection (CME) driven shocks. Item (2) will
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be seen to be most likely a result o f the large March 1991 solar flare period that lies
between quiet tune Periods 2 and 3. Period 2 extends up until the beginning o f a series
o f very large solar flares. Period 3 begins immediately after the flares end. What one
sees for Period 3 in Figure 7.11 may be the after-effects o f this series o f flares in the
3He/4He ratio.

7.2.2.3 Heavy Ion Spectra
The spectra o f most species measured by CRRES, through nickel, have been
calculated for the CRRES quiet times. However, this work was done at the University
o f Chicago and remains for the most part unpublished. The heavy ion species for which
quiet-time flux analysis was performed at LSU for this work are carbon, nitrogen, and
oxygen (CNO). The purpose o f these calculations was (1) to further validate the P3 flux
normalizations by checking for continuity in the P2-P3 transition region of the spectra;
(2) to provide additional opportunity for comparison o f our calculated spectra with the
CHIME model’s predictions o f the galactic cosmic rays; (3) to check our work,
especially the P2 flux normalizations, against the P2 spectral calculations made at
Chicago; and (4) to observe whether the addition to the CNO spectra o f the P3 events
from the PSDs reveals any unexpected features similar to the excess seen in helium,
which could not have been detected from P2 data alone.
The CNO spectra are shown in Figures 7.12-7.23. For each element, four spectra
are plotted: for the full CRRES m ission, and for quiet-time Periods 1,2-3, and 4. The
solid lines represent CHIME model calculated spectra. Periods 2 and 3 are combined in
these spectra because event counts for the CNO species, which are much less abundant
than helium, are too low to make a statistically meaningful measurement. This is
unfortunate, since the analysis o f the ^ e /^ H e ratio separately for the two periods
revealed differences between Period 2 and Period 3.
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The CNO spectra do not reveal convincingly any significant deviations from the
galactic cosmic rays. Event statistics become a lim iting factor in interpreting som e o f the
spectra, especially for nitrogen. However, the sm allest statistical errors are seen in the
spectra averaged over the full mission. For this full mission quiet time, compare these
CNO spectra to the helium spectrum, Figure 7.10. In the helium, a strong excess is
apparent above the galactic cosmic ray level below 60 MeV/nucleon. Nothing
comparable is seen in the full mission spectra fo r the CNO particles. Whatever effect or
source produces this feature in the helium spectra is not apparent in the CNO.
7.3 S o lar E n erg etic P a rtic le s
In contrast to Section 7.2 for solar quiet tim es, in which particles from various quiet
tim e sources were considered, this section discusses time periods during large solar
energetic particle (SEP) events, when the flux incident upon the instrument is
overwhelmingly dominated by particles from the sun. CRRES measurements o f helium
and heavy ions from nine large SEP events are reported here.
Table 7.3 lists the nine major events considered in this study. The dates o f the flare
intervals in the table are given in days o f the year 1991. Three o f the events occurred in
M arch 1991, and the other six in June 1991. Along with the flare intervals are listed the
X -ray/H a classification of the associated solar flare, the location (in heliocentric
coordinates) o f the flare, and the NOAA region num ber o f the flare, all taken from the
Solar-Geophysical Data Reports (Nos. 565 & 568,1991). The association o f a solar
energetic particle event with a given flare is made while taking into account the event
tim e delay, the active region, and the solar rotation (Chen et al. 1995). Ramaty &
Sim nett (1991) pointed out that large energetic events (>20 MeV/nucleon) are alm ost
invariably associated with a large solar flare, which is supported by ground-based
riom eter observations (Reid & Leinbach 1959, 1961).
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Table 7.3 Large SEP events during the CRRES m ission.

Event

Period (Day o f
Year)

March A

152.1-83.8

A ssoc.
Flare
(Day/UT)
81/2247

March B

83.8-84.6

82/2222

M6/2B

S23E 06

6555

March C

84.6-87.6

84/0818

X5/3B

S24 W 13

6555

June A

153.0-155.5

162/1529

X12/1F

N 25E 90

6639

June B

155.5-157.8

155/0352

X12/3B

N30 E 70

6659

Ju n eC

157.8-160.4

157/0112

X12/4B

N 33E 44

6659

June D

160.4-162.1

160/0140

X10/3B

N 34E 04

6659

June E

162.1-165.5

162/0209

X12/3B

N31 W 17

6659

June F

166.3-173.6

166/0821

X12/3B

N33 W 69

6659

Flare
X -ray/H a
Class
k 9/3B

S26 E28

Region
Number
6355

Location

Flare identilication data taken from the NOAA Solar-Geophysical D ata re jorts
(1991).
These were not the only flares to take place during the CRRES m ission. Chen et al.
(1995) presented results for a total o f sixteen separate flares. Figure 7.5 showed a
timeline o f the CRRES m ission, together with the daily average 70-95 MeV/nucleon
helium fluxes measured by the IM P-8 instrum ent In the spikes in the IM P-8 helium
flux, and the gaps seen within and between the CRRES quiet-time periods, one
recognizes the occurrence o f solar flares, producing elevated helium fluxes. The start
times o f the nine flares dealt w ith in this work, designated March A-C and June A-F as
in Table 7.3, are indicated in Figure 7.5 along with the timeline o f the m ission and the
quiet periods. The amplitude o f the IMP-8 helium during these periods indicates that
these nine events, as measured in their helium signature, were the largest to take place
during the CRRES mission.
During the nine flare periods listed in Table 7.3, ONR-604 collected m easurable
quantities o f events from species as heavy as nickel. However, the num bers o f particles
for species heavier than helium was too small to calculate spectra. T able 7.4 lists the
numbers o f events detected during each o f the nine flares, for helium and selected heavy
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species. The sm all numbers o f heavy ions lim it the analysis that can be performed for
the heavy ions; what was done will be described in a later section.
The study o f the SEP population associated with a flare is intended to yield insights
into the source o f the charged particles and the mechanism by which the particles were
accelerated. Elemental and isotopic relative abundances, and spectral characteristics, are
the traits that a charged particle detector such as ONR-604 can measure to characterize
the SEP population of these events. The best measurements available from CRRES
w ere made for helium. These consist o f measurements o f the helium particle spectra and
the 3He/4He ratio for each o f the flare periods.

7.3.1 Helium Spectra
SEP helium energy spectra in general are well-represented by power laws (Hsieh &
Sim pson, 1970; Dietrich & Sim pson, 1978; Cook, Stone & V ogt, 1984; Chen et al.,
1994a) o f the form dJ/dE = A(E/E q)' ^ , where A is the am plitude o f the spectrum, E q is
a reference energy (66 MeV/nucleon), and y is the spectral index.
Chen et al. (1995) reported event-averaged helium measurements for March A-C,
June A-F, and several other flares. These included spectral param eters for the *He in the
43-94 M eV/nucleon energy range, as well as analysis o f the ^ e /^ H e ratio. That w ork
was performed solely with P2 helium and did not include any events from the P3
priority channel. For this work, the previous P2 helium spectra were augmented w ith
measurements o f P3 helium from the D4-D6 PSD detectors, and from those P3 events in
K5-K8 that fall below the P2 energy deposit discriminator thresholds. These additions
extend the spectra from 43-94 M eV/nucleon, down to 38 MeV/nucleon, and as high as
110 M eV/nucleon, depending on availability of particle statistics. For some flares, the E
> 100 M eV/nucleon energy bins are totally devoid of events so the spectra do not extend
to include those points.
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Table 7.4 Numbers of events measured for selected SEP species.

M arch

Ju ne

Event
Species:
9023

1757

32&41

67903

14366

30
CNO
Ne
Na

Mg
NeMg

At
Ca
Sc
Al-Sc

Cr
Mn
Fe
Co
NT

Ti-Ni

*P2 helium only

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

189

The extended spectra are plotted in Figures 7.24-7.32. The effect o f extending the
spectra to include the P3 data is seen at the low and high energy end o f each spectrum.
Some features o f the spectra require explanation. W ithin the realm where the spectra are
dominated by P2 helium, there is no significant deviation seen from the basic power law
spectral parameters reported in Chen et al. (1995), which were in fact derived from fits
to the P2 portion o f these spectra.
What is seen at the low end o f the spectra in Figures 7.24-7.32, representing the
contribution of the PSDs D4-D6, is to a large extent consistent with a straightforward
extrapolation of the same power law spectrum. In som e cases (March A; June A, E, F)
there is a suggestion o f a downturn in the spectrum in the lowest energy bin, but it must
be noted that this point in the spectrum represents a lower limit only, due to events in the
38-43 MeV/nucleon energy range that stop in D3 but cannot be resolved from the
background in that detector. Thus the apparent downturn may or may not be a real
physical trait of the spectrum. In March C, the fluxes in the P3-dominated energy bins,
38-43 and 43-48 MeV/nucleon, appear slightly larger than a simple extrapolation o f the
P2 portion of the spectrum. However, in view o f the comparatively low statistics in
these bins compared to the rest o f the spectrum, the discrepancy is small.
In the highest energy bins, the statistics are low. The flare spectra are soft and
particle fluences fall o ff rapidly with increasing energy. This yields small numbers o f
particles in the highest energy bins. In addition to th is is the very strong suppression of
P3 data by the instrument priority logic due to extrem ely high P2 particle intensities,
keeping the instrument engaged in higher-priority P 2 analysis, during the flare periods..
Because the instrument is almost continuously engaged in analysis of higher priority P2
events during these intense solar flares, only a sm all fraction o f P3 particles incident in
the detectors are analyzed. In D4-D6, this is partly compensated for by the steeply
rising spectrum as energy decreases, so that statistical uncertainties, while larger than in
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Figure 7.28 Helium spectrum, June B.
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Figure 7.30 Helium spectrum, June D.
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Figure 7.32 Helium spectrum , June F.
the P2-dominated range o f the spectra, are sm aller than in the E > 90 MeV/nucleon PSdominated energy bins. At the high energies, the slope o f the spectrum and the
suppressing effect o f the instrument priority logic work in the same direction, both
reducing the num ber o f particles measured.
However, w hile noting the low event statistics and large uncertainties, there are
nonetheless features in the P3 SEP helium that may be o f significance. In the spectra o f
several events (M arch A, C; June D), the high-energy P3 points added to the spectrum
appear to reveal a downturn, deviating from the power law shape that prevails in the P2
portion of the spectrum. Such a rolling o ff o f a power-1 aw energy spectrum may
indicate the lim iting energy of the acceleration mechanism, h i M arch C the roll-off effect
is also suggested in the 86-91 M eV/nucleon bin, where good statistics are provided by
P2 data. The acceleration mechanism in M arch C appears to reach its lim it in energy at
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about 80-90 M eV/nucleon for a particle o f A/Z=2, such as ^ e . This measurement
alone is insufficient to characterize the acceleration mechanism fully, but combined with
other m easurements it could yield information about the strength o f the accelerating
shock.
Because o f the low particle statistics in the P3 portion o f the solar flare data, there is
generally not enough *He for isotopic analysis. Therefore, since much of the analysis
that follow s depends heavily on the study o f the SEP ^ e / H e ratio, the rest of the solar
flare helium work presented in this chapter is based on the P2 helium only. This
restricts the energy range o f the analysis but improves the quality o f the data and the
resolution o f the helium isotopes, and facilitates the calculations o f isotopic and
elemental ratios. Based upon the P2 helium , Table 7.5 lists the peak and event-average
spectral am plitudes and indices of the nine March and June events.
The only flare among the nine presented in this work that provided enough ^He
events to calculate a spectrum is M arch C. This spectrum is shown in Figure 7.33,
along w ith the "^He spectrum for the sam e ev en t The key fact to recognize in this figure
is that the two helium isotopes have spectra o f different slopes, i.e., both are power law
spectra but they have different spectral indices. This will be considered further when the
3He/4H e ratio is discussed in the next section. The immediate consequence of the two
isotopes having different spectral indices is that the 3He/4He ratio is energy-dependent.
The analysis in Chen et al. (1995) w as based entirely upon calculations averaged over
the duration o f the flare periods. In order to study the time development of helium flux
and isotopic ratio, additional analysis was performed to determine these helium
characteristics on an orbit-by-orbit basis. One orbit lasts about 10 hours, but in order to
exclude geom agnetic cutoff affects, the measurements were restricted to L > 6, with the
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Table 7.5 Peak and average SEP helium spectra.
Peak Spectra

Average Spectra

E vent

V

Yp

A.*

Y.

March A

83.5±2.50

5.8110.13

24.010.7

6.3010.12

March B

1.12±0.08

7.2310.32

0.7810.05

7.4910.29

March C

2.36±0.05

4.9910.10

1.2310.03

5.0710.10

June A

0 .7 1±0.06

3.0510.38

0.4310.03

3.3310.30

June B

16.3±0.6

4.0010.18

9.310.6

4.1910.29

June C

31.9±0.7

4.2110.11

25.310.5

4.2310.09

JuneD

7.710.3

4.6010.18

5.2310.15

4.5410.13

June E

192.218.1

4.1110.19

34.211.3

4.3110.17

June F

23.910.7

4.3210.14

4.210.2

4.2810.16

*in (m sr s MeV/nucleon)‘ . Energy range: 43-94 MeV/nucleon

result that each orbit contributes approximately 4 hours o f measurements. Figure 7.34
shows the ‘'H e flux in the 43-94 MeV/nucleon range as a function of time. Each point in
the figure corresponds to the L > 6 portion of one o rb it The March and June periods
have helium intensities that increase two to three orders o f magnitude, with multiple
peaks associated with different particle injections.
Figure 7.35 shows the time development of the *He spectral index for both the March
and June flare periods. In this figure the onset of each flare is indicated by a small
arrow and the time when the amplitude of the spectrum for each flare peaks is shown by
a large arrow. This figure reveals that after the peak flux in several events, the spectral
index increases (toward a softer spectrum) until the onset o f a new event For events
well separated from their predecessors, such as March A and C or June A, E, and F,
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Figure 7.33 Spectra o f 3He and *He for the March C event.
smaller indices (harder spectra) are found at event onsets. This is sim ilar to the behavior
o f the >10 M eV protons during large SEP events in 1989, when harder spectra were
observed near the onset o f an event, followed by a softer spectrum as the intensities
decayed (Reeves et al. 1992). This can be understood, since particles with higher
velocity (higher energy per nucleon) arrive first at the Earth. For overlapped events,
such as M arch B o r June B, C, and D, the indices start to drop at the event onsets.
Figure 7.35 also indicates that the spectral index for an individual event can vary from as
small as 1.2 to as large as 7.8.
Figure 7.36 is a plot o f spectral amplitude versus spectral index fo r the March and
June periods. N o correlation is evident. This indicates that the am plitude and index are
independent param eters, as expected if a power-law fit based on these two parameters is
valid. The spectral param eters listed in Table 7.5 indicate that (1) to within error
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estimates, all o f the events except March A have the same indices for peak and average
spectra; and (2) Events June B, C, D, E, and F, assigned to the sam e NOAA region on
the sun, have sim ilar peak and average spectral indices, despite significant differences in
associated flare heliolongitude. These events are associated w ith a single region on the
sim that tracks across the solar disk with the sun’s rotation.
Charged particle events originating near the sun’s western lim b are well-connected to
the Earth by the Parker spiral o f the solar magnetic field lines (Parker 19S8). Those
originating at the east limb are poorly connected, and meridian events are an intermediate
case. By analyzing the well-connected event o f 1977 November 22, McGuire, von
Rosenvinge & M cDonald (1986) and Mazur et al. (1992) reported that the spectral index
was insensitive to the choice of peak or average spectra. This is supported by the ONR604 helium data, even for poorly connected events, with the exception o f March A.
This is in contrast to Van Hollebeke, McDonald, & Meyer (1990), where it was found
preferable for the events o f 1980 June 21 and 1982 June 3 to calculate event-averaged
spectral indices, in preference to peak indices, to account for diffusion anisotropy in the
particle flow. Taking averages over the duration of those events elim inated transient
biases due to the anisotropic flow.
The ONR-604 results suggest that diffusion anisotropy w ithin the corona is small, for
all events except M arch A. Thus the source spectral index should correspond closely to
the peak spectral index measured at the Earth. Anastasiadis & V lahos (1994) proposed a
model of SEP acceleration that agrees well with the range o f average and peak spectral
indices for the 1991 June period in Table 7.5. In their model, SEP particles are
accelerated by an ensem ble o f oblique shock waves inside a varying active region in the
solar corona, and would imply a seed population characteristic o f the corona. However,
in this model the pow er law index remains alm ost constant in tim e, with an average
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value o f 3.5-4.5. This does not agree w ell w ith the variation in the spectral index seen
in Figure 7.35.
A possible explanation for the divergence between the peak and average spectral
indices for M arch A is the formation during that event o f a strong interplanetary shock
that produced a Sudden Storm Commencement (SSQ at the Earth on 1991 March 24.
However, events June A, D, and F also witnessed SSCs (Hudson et al. 1997), but do
not exhibit a difference between their peak and average spectral indices.
Since the June events originate from a single active region while spanning more than
180° o f solar longitude, they provide an opportunity to investigate spectral variations
from a single active region as the region rotates from a poorly connected to a wellconnected location. Figure 7.37 shows the event-averaged spectral indices for March
and June, plotted versus heliolongitude. Chronologically, as listed in Table 7.3, both
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Figure 7.37 Spectral index versus heliolongitude for the M arch and June periods.
The open squares represent M arch and the filled circles represent June. The
events track timewise from east to west, left to right on the figure.
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active regions tracked from east to west over time. Hence M arch A and B, the first two
M arch events, occurred from the eastern hemisphere o f the sun as seen from the Earth, a
m agnetically poorly connected region. Likewise June A-D were poorly connected.
M arch C and June E-F originated in regions magnetically well-connected to the Earth.
Figure 7.38 shows the time and heliolongitude variation o f the helium spectral index,
averaged over four orbits, and shows a definite development with time. The softest
spectrum (largest index) is found for heliolongitude about w est 69°, a well-connected
region. The spectrum begins hard and softens steadily as the source region tracks from
a poorly connected to a well-connected region. This is understood because when the
event is poorly connected to the Earth by field lines, the m ore energetic particles diffuse
more easily across field lines to reach the Earth while the least energetic particles are not
observed at the Earth. Thus the spectrum steepens (softens) as the source region
becomes well-connected to the Earth, due to the access to the Earth afforded from a
well-connected location to the least energetic particles in the source spectrum.
7
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E 04

E90
OL

150

155

160

W69
165

170

175

DAYS OF YEAR (1 9 9 1 )
Figure 7.38 Helium spectral index versus time for the June flare period. The arrows
indicate the heliolongitude o f the associated flares in active region 6659 (see Table 7.3).
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7.3.2 The 3He/4He Ratio
The ^ e A l e ratio is an index frequently used for characterizing the nature o f a SEP
event. The ratios measured for the M arch and June 1991 SEP intervals vary from 20 to
over 400 tim es the mean solar w ind value o f -0.0005. It is widely believed that 3H erich SEP events are limited to small, impulsive (duration -1 day) events and low
energies o f a few MeV/nucleon (Reames 1993; Gosling 1993; M iller 1995) for which
the ^He/*He ratios are 3-4 orders o f magnitude larger than the solar system value (Kahler
et al. 1985; Reames, von Rosenvinge & L in 1985; M ason et al. 1986; Cane & Ream es
1990; Reames, Cane & von Rosenvinge 1990). In contrast, large, gradual SEP events
can have a slow rise time and a 3He/4H e ratio that is close to the solar system value at
typical energies o f -1 MeV/nucleon (Reames 1993; G osling 1993; Miller 1995).
3

4

Mewaldt, Spalding & Stone (1984) reported SEP events w ith He/ He <0.0026 at an
energy o f 5-32 MeV/nucleon; however, they also pointed out that the number o f helium
events analyzed by their instrument (HIST on ISEE-3) w as less than 1% o f its actual
abundance since the instrument's logic was designed to favor the analysis o f Z >2
3

3

4

nuclei. On the other hand, an anomalous, large, He-rich SEP event with H e/ He
-0.02 at energy -10-100 M eV/nucleon was observed by IM P-4 (Hsieh & Sim pson
1970; D ietrich 1973). From Pioneer 10, W ebber et al. (1975) reported a 3H e /H e ratio
of about 0.016 at energy o f50-70 M eV/nucleon by integrating over four extrem ely large
events (1972 August 2-11). Van H ollebeke, M acDonald, & M eyer (1990) using H elios
3

4

1 data reported a He/ He ratio o f 0.025 in the large SEP event o f 1982 June 3 a t 6-60
MeV/nucleon.
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It is noted that most o f the reported 3H e/H e ratios at high energy for large SEP
3

4

events are less than 0.1. In the earlier studies, due to instrumental limits, H e/ He <0.1
was not measurable by ISEE 3 at low energy (-1 MeV/nucleon). Therefore, a 3He-rich
3

4

event at low energy generally m eans H e/ He >0.1. B y this convention, the large SEP
events cited above would not have been described as ”3He-rich," although the ratios
3

4

exceed that o f the normal solar system by several orders o f magnitude. The He/ He
ratios at high energy for large SEP events are often averaged over one, or m ore than
one, entire SEP period, so that detailed information about the temporal variation is
unavailable. However, Mason, M azur & Hamilton (1994) reported an SEP event in
3

4

July 1992 with a He/ He ratio o f 0.65 at ~ 1 MeV/nucleon, for which measurements
were made over six-hour time intervals.
The event-averaged 3He/4H e ratios reported in Chen et al. (1995) were based on
particles collected over periods o f as much as a week. To observe the temporal variation
o f the ratio on smaller time scales, the ratio is calculated for single orbits and plotted
versus tim e in Figure 7.39. The arrow s in this figure indicate event onsets and peak
3

4

intensities, as in Figure 7.35. Figure 7.39 reveals that, while the He/ He ratio is
relatively stable at values o f 0.005-0.02 in June, it rises and falls sharply to form spikes
in M arch, in which its value clim bs to as high as 0.22 during the March C period.
M arch A also displays a spike in the ratio, reaching a value of 0.16.
3

4

W hile the March A and M arch C events attain sim ilar values o f the He/ He ratio, the
peaks in the ratio’s value in the respective events occur at different times in the course o f
the ev en t For March A, the peak in the 3He/4He value coincides with the event’s
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intensity peak. For March C, the peak in the isotopic ratio coincides with the event
onset, while the ratio has decayed to lower values by the time o f the intensity peak.
3

4

Figure 7.40 plots the helium spectral am plitude versus the H e/ He ratio for the
March and June periods. No correlation is seen. Likewise Figure 7.41 shows the
3

4

helium spectral index versus the He/ He ratio, again without any significant correlation.
The helium isotopic ratio is evidently not correlated with the corresponding values o f the
spectral parameters.

7.3.3 Signatures of Impulsive and Gradual SEP Events
3

4

Impulsive solar flares are typically characterized by He/ He and Fe/O enrichment; by
type m radio bursts produced by -100 keV electrons accelerated in the flare; by hard Xray emission; and by the observation o f /- r a y lines (Reames 1990a and references
therein). Various models account for the ^ e and Fe enrichment o f these flares in terms
of selective heating o f these species near the flare injection site, leading to their
enrichments in the injected population at SEP energies (Reames 1990a; Temerin & Roth
1992).
In contrast, large gradual events are typically associated w ith type II and type IV radio
bursts and solar/coronal particle abundances. Acceleration o f the SEP particles is
believed to take place in the neighborhood o f strong traveling interplanetary shocks,
driven by CMEs. Such events are sometimes followed by an SSC (geomagnetic storm)
at the Earth, if the shock in question actually collides with the geomagnetosphere. A
SSC event at the Earth is a direct signature o f an interplanetary shock. While
abundances in such gradual events have been frequently described as being characteristic
of the solar wind or the corona (Geiss & Reeves, 1972; Coplan et al. 1984; Reames
1990a, 1990b; Cane, Reames & von Rosenvinge 1991), recent w ork (Reames 1999,
and references therein) has considered rigidity-dependent effects that can
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produce energy-dependent modifications to the ratios o f particles of differing Q/A
(charge over mass). This question will be discussed subsequently when the CRRES
3

4

He/ He observations are interpreted.
Gamma ray lines seen during a flare indicate collisions o f accelerated particles with

solar material, yielding gamm a rays from nuclear excitation. Nuclear gamma rays are
seen in both impulsive and gradual SEP events (Bai 1986). However, derived particle
abundance measurements for the gamma rays witnessed during some o f the events
described here allow further comparison of gradual versus impulsive event
characteristics.
Several of the flare events reported in this work were accompanied by gamma ray
observations. For exam ple, on March 22, 1991 the X9.4/3B solar flare designated as
March A was detected at 22:45 (UT) by GOES 7 and ground-based detectors;
meanwhile the ONR-604 >4 MeV electron channel also detected a peak rate at 22:46
(UT) when CRRES was near perigee (L -1 ). Since particles o f such low energy cannot
penetrate so deep into the geomagnetosphere, and since the detected event tim e nearly
coincides with that o f the GOES 7 X-ray detector, this peak rate in CRRES was
interpreted as gamma-ray emission, a direct signal o f nuclear interactions. Twenty-nine
hours later on March 24, a large geomagnetic storm commenced at 03:42 (UT) as
observed by CRRES (Blake e t al. 1992); and tw o m inutes later, a new proton radiation
belt was formed (M ullen et al. 1991; Blake et al. 1992), which continued to the end of
the CRRES mission (O ctober 12, 1991).
A direct measurement o f gamma rays was made for the June A event by
Granat/PHEBUS (Ramaty et al. 1997) which revealed gamma ray lines from thin-target
interactions, due to the fact that the June A event was partially occulted by the disk o f the
sun, beginning 6°-9° behind the east limb. These measurements further detected heavy
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ion abundance enhancements in the accelerated particle population consistent with SEP
measurements from im pulsive solar flares as reported by Reames et al. (1994). The
occurrence o f gamma rays requires acceleration at the sun to provide a target for nuclear
interactions, w hich is consistent with heavy ion enhancement indicative o f impulsive
SEP acceleration in the corona. In the present analysis, the statistics collected by
CRRES for events w ith Z>8 during the nine flare intervals were very low and the events
observed were, w ithin those statistics, consistent w ith the galactic cosm ic ray
background. H ow ever the abundance of CNO relative to helium was measured and
found to be consistent w ith coronal levels for all events but June A, where we observed
a CNO/helium abundance approximately 5 tim es higher than the coronal values of
Murphy et al. (1991). The heavy ion abundances w ill be described in a later section.
Gamma ray m easurements were reported for the June B event by M urphy et al.
(1997) using the OSSE instrument. As with the Granat/PHEBUS m easurements of
June A, the OSSE results were consistent within current models o f gamm a ray
production with im pulsive-flare heavy ion abundances, not with gradual SEP
abundances.
The onset o f each o f the nine events in this work except March B was closely
associated tem porally with at least one type o f radio burst, as seen in Table 7.6, from
Clayton et al. (1999). This table lists the observation, in coincidence w ith each o f the
nine SEP events, o f radio bursts, SSC events, and nuclear gamma rays, along with the
3

4

peak and event-average H e/ He ratio. Only one Type III burst was observed,
coinciding with the M arch C flare. March C also contains the stronger o f the two sharp
3

4

3

rises in the H e/ He ratio seen in March, where the ratio rises to about 0.22. The He
enrichment and occurrence o f a Type HI radio burst are consistent with impulsive
acceleration.
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Table 7.6 SEP event characteristics and related observations.
Event:
March A

^ e /'H e Ratio
Avg.
Peak
0.080
0.16

Radio Bursts
(type)
II

sse
Observed?
Y

Gamma Rays
Observed?*
Y

March B

0.045

T5.0&)

—

—

—

March C

0.074

0.22

m

—

—

June A

0.012

0.017

n , iv

Y

Y

June B

0.010

0.011

IV

—

Y

June C

0.010

0.014

IV

—

—

June D

0.008

0.011

II, IV

Y

—

June E

0.013

0.024

ii, IV

—

—

June F

0.012

0.014

II, IV

Y

- -

♦Absence o : a verified observation does not preclude the occurrence o f an ev en t
O f the rem aining events, aside from March B (which witnessed no radio bursts), all
of the other events coincided at their onsets with either a Type II or a Type IV radio
burst, or both. W hile the relationship between these radio bursts and CME-driven
shocks is not fully understood, if one takes these bursts as a diagnostic o f such shocks
then they indicate shock activity for March A and June A -F. The existence of
interplanetary shocks is confirmed for March A, June A , June D, and June F by the
occurrence o f SSC events in the geomagnetosphere. Y et M arch A exhibits an short-term
enrichment o f 3He, as well as indirect evidence o f gam m a rays; and June A and B
produce gamma rays with inferred abundances characteristic o f impulsive acceleration.
3

4

M eanwhile the H e/ He ratio throughout March and June remains at all times greatly
enriched relative to the mean solar wind value o f 0.0005.

7.3.4 Rigidity Dependent Particle Enhancements
Reames (1999) describes a mechanism by which certain ion ratios can be perturbed
from their values in the source population by rigidity-dependent differential containment
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o f different ion species near an interplanetary shock during transport from the sun.
Q ualitatively, the process works as follows. N ear a strong shock boundary, protons
accelerated by the shock generate Alfven waves which scatter charged particles in the
shock region. Charged particles can be effectively trapped near the shock, unable to
escape the immediate neighborhood o f the shock, by the intense wave generation around
the shock. This effect is described as “stream lim iting” o f the escaping particle fluxes.
Particles o f lesser rigidity, i.e., greater Q/A, are confined more efficiently at a given
energy per nucleon. W hen comparing two species to obtain an abundance ratio, the
ratio o f measured particles is made within a common, fixed energy interval. If the
species have different Q/A values, then in a given energy interval, one will be more
efficiently confined by the stream limiting effect than the other. In the example o f Fe/O,
oxygen, w ith its greater Q/A value, is more effectively confined in the shock region.
Therefore oxygen, when m easured far from the shock, is suppressed. Iron, with its
greater rigidity, escapes the shock region more efficiently. Consequently, an Fe/O ratio
obtained from measurements far from the shock yields an apparent enrichment o f iron,
but in fact what drives the ratio is a suppression o f oxygen.
I f the shock passes directly over the measuring instrum ent, an enrichment o f oxygen
in the neighborhood o f the shock will be seen, from the greater quantity o f oxygen
confined near the shock. Thus the Fe/O ratio will appear depressed while the instrument
is near the shock. An event-averaged measurement o f the ratio should see the
enhancem ent o f Fe/O far from the shock and the suppression o f Fe/O near the shock
essentially cancel each other to yield an average ratio characteristic of the source
population. Typical timescales over which the enhancem ents and suppressions in a
ratio, measured far from and close to an interplanetary shock, should average out would
be on the order o f a few days (Reames 1999).
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A feature of this model is that at sufficiently high rigidities, particles escape efficiently
and the particle spectrum away from the shock is unmodified by stream lim iting, while
at low rigidities, the spectrum is flattened by confinement near the shock. Ream es
(1999) shows spectra o f several species, in flux versus rigidity (unlike the m ore
frequently reported flux versus energy per nucleon), for the gradual event o f 1998 April
22, which reveal that above rigidity o f about 300 MV, the stream limiting effect
disappears. For fully stripped helium, this corresponds to an energy of ISO
Me V/nucleon for 4He and 200 MeV/nucleon for ^ e . Therefore the CRRES helium is
within an energy range where it could plausibly be subject to stream limiting effects.
The threshold in rigidity for stream limiting depends on the strength of the shock, and
therefore varies from one event to another.
Since ^ e is o f greater Q/A than *He, it is more efficiently confined in the shock
region. The ^ e A le ratio can in effect act like a m irror o f the Fe/O ratio, w ith ^ e
enhanced near the shock region (where Fe appears suppressed) and suppressed far from
the shock (where Fe appears enriched).
7.3.5 SE P H eavy Io n s
Table 7.4 listed the raw counts o f heavy ions measured by CRRES during the nine
March and June flare periods, for selected species through nickel. No significant
numbers of particles o f any other species heavier than helium were detected. A t a glance
one sees that while there are many helium events and reasonable numbers o f carbon and
oxygen, there are only tiny numbers o f any other species measured during these flare
intervals. In order to gain better statistics, the ions are pooled together into groups:
CNO, Ne-Mg (the neon group), Al-Sc (the silicon group), and Ti-Ni (the iro n group).
Even in these combinations, only CNO provides substantial numbers of particles for all
the flare periods.
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Furthermore, it m ust be remembered that the galactic cosm ic rays are present in the
measured particle populations, even during large SEP events. From CHIME m odel
calculations o f the GCR heavy ion spectra one can obtain an estimate o f the num ber o f
each heavy ion species that would be measured by CRRES for each flare period. These
are listed in Table 7.7. It is seen that the estimated galactic cosmic ray background
accounts for 100% o f the events measured for species heavier than oxygen. Table 7.8
lists the measured events with the GCR background rem oved. Where the GCR
estimated background exceeds the number o f m easured events (with such sm all numbers
o f events, such a discrepancy has no significance and is accounted for by random
statistics), zero events are indicated in Table 7.8. Am ong heavy ion groups, only CNO
yields any particles in excess o f the GCR background.
Making the assumption that the heavy ion particle spectra have the same shape as
helium, and using a set o f previously measured coronal abundances (Breneman & Stone
1985), one can estim ate the number o f heavy ion particles that would be m easured if the
SEP sample reflected coronal relative abundances. These estimates are tallied in Table
7.9. Comparing Tables 7.8 and 7.9 gives a sense o f how the heavy ion abundances
reflected in the CRRES measurements compare to coronal abundances.
Although small numbers of ions heavier than oxygen are predicted based on the
Breneman & Stone (1985) coronal abundances, the statistics are so small for these
species that the comparison with the lack o f measured events does not support any
strong conclusions about these elements. However, for CNO, certain observations can
be noted: (1) The March A event is depleted in CNO. Coronal relative abundances
would imply 54 CNO events measured above the GCR background, while the
instrument collected zero events after background rem oval. (2) Likewise, events June
B-F are depleted in CNO/He, (CNO relative to helium ), by factors ranging from 2 (June
B) to 65 (June E). In both cases (1) and (2), the stated “depletion” o f CNO could rather
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be an enrichment o f helium, since the estimated CNO events in Table 6.8 are based upon
the measured helium spectra. (3) M arch C could possibly be depleted in CNO/He, but
the statistics o f both the measurements and the estimates are very small; (4) June A,
alone among all the nine SEP events, appears enriched in CNO/He, by roughly a factor
o f four, relative to the coronal abundance.
Table 7.7 Galactic cosm ic ray background fo r the SEP periods.
March

June

Element group:

A

B

C

A

B

C

D

E

F

CNO

7

3

13

9

8

10

6

12

26

Ne-Mg

4

1

6

6

4

5

6

14

Al-Sc

4

2

l

5

4

5

4

7

14

Ti-Ni

3

1

6

4

4

4

3

5

11

Table 7.8 Measured heavy ions, with GCR background removed.
March

June

Element group:

A

B

CNO
Al-Sc*

6
0
0

Ti-Ni*

IT

0
0
0
d

Ne-Mg*

c
2
0
0
0

A

B

C

D

E

F

26
0
0
0

42

62

13

7

0
0

0
0

0
0

6

0

6

0
0
0

28
0
0
0

*A11 m easured events are consistent w ithG C R background.

Table 7.9 Estim ated SEP events, based on CRRES helium spectrum and Breneman
_______________ & Stone (1985) heavy ion relative abundances._____________
March
June
Element group:

A

B

c

CNO

54

0

9

T

T>

6

6

Al-Sc

0

0

Ti-Ni

0

6

Ne-Mg

B

C

D

E

F

87

277

32

454

120

6

1

4

0

6

2

0

0

1

3

0

4

1

0

15'

1

$

0

4

1

A
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Chapter 8

Interpretation and Summary

The principle goals o f this work were (1) to measure the interplanetary quiet-tim e flux
o f helium and heavy ions during the CRRES mission, to identify the spectral
characteristics and the source o f each component contributing to the overall flux; (2) to
search for the anomalous component to the quiet-time helium under solar maximum
conditions, using the geomagnetosphere as a rigidity filter; (3) to identify an acceleration
m echanism to account for the excess of helium found at low energies in the quiet times;
(4) to validate and improve the CHIME model o f the heavy ion environment by
com parison with the measured data; and (5) to investigate the characteristics o f the SEP
helium during the 1991 March and June solar flares to identify the source population and
acceleration mechanisms for these large SEP events. The results are summarized in the
follow ing sections.

8.1 Quiet-Time Ion Fluxes
8.1.1 Spectral Characteristics
The helium spectra for the CRRES quiet tim es, shown in Figures 7.8-7.12, indicate
the presence o f at least two distinct components: above about 60 MeV/nucleon, the
spectra are generally dominated by the galactic cosm ic rays, except in Period 3 (Figure
7.10) when the entire helium spectrum is perturbed by residual particles from the March
series o f solar flares (this w ill be discussed further in section 8.2.3). Apart from Period
3, the GCR component with E > 60 MeV/nucleon has a spectral shape throughout the
m ission consistent with previous measurements and with the CHIME model o f the
galactic cosm ic rays. The predicted galactic cosmic ray spectrum is based upon a
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calculation o f the propagation of the galactic cosmic rays through the interstellar
medium, producing local interstellar spectra; and a spherically symmetric model o f solar
modulation, including diffusion, convection, and adiabatic energy loss, to yield
modulated spectra at 1 AU. The CHIME model predicts a small anomalous component
in addition to the GCR spectrum, but the predicted level is negligible when combined
with the GCR component at large L-shells. No anomalous component helium was
observed by CRRES, as will be discussed in the next section.
At low energy, below 60 MeV/nucleon, the quiet-time helium spectra are dominated
by a different component, an excess rising above the GCR spectrum, not accounted for
by the expected GCR and ACR sources and not predicted by the CHIM E model. This
component begins as only a weak suggestion o f an upturn in the spectrum in Period 1,
but grows as the mission continues, becoming prominent in Period 2 and even more so
in Period 4. During Period 3 the helium spectrum is essentially flat, and the ^He/^He
ratio calculated at different energies indicates the helium during Period 3 is contaminated
with an SEP component left over from the March flares. In the rem aining quiet-time
periods, the 3He/4He ratio as shown in Figure 7.13 differs in the low energy realm,
where the excess component resides, from the GCR-dominated portion o f the spectrum.
The interpretation o f the isotopic ratio and its role in indicating a possible source for the
low energy excess o f helium is discussed in section 8.1.3.
It should be noted that the low-energy excess in the helium spectra would not be
detectable using the P2 priority channel and the Kevex detectors alone. In order to
witness the upturn in the helium quiet-time spectra below 60 MeV/nucleon it was
necessary to expand the analysis to include P3 ions, stopping (in the case of helium)
both in the PSD detectors D4-D6, and in the bottom o f the Kevex stack, K5-K8.
W ithout the P3 contribution, the P2 helium spectrum cuts o ff at too high an energy to
observe the added component. This work described the first and only complete effort to
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obtain flux calculations from events in the P3 priority channel o f the ONR-604
instrum ent
The study o f quiet-time, galactic cosm ic ray particles heavier than helium from the
CRRES mission was primarily performed at the University o f Chicago (DuVemois et al.
1996) and was not a focus o f this work. However, since previous CRRES analysis did
not include the P3 heavy ions, those stopping in the PSD detectors, a full, com bined P2
and P3 quiet-time flux analysis of carbon, nitrogen, and oxygen was perform ed as part
o f this work. This served the dual purpose o f further validating the P3 flux
normalizations used in the helium analysis, and o f extending the quiet-tim e CNO spectra
downwards in energy to check for the presence o f an additional com ponent analogous to
that seen in the helium . As shown in Figures 7.15,7.19, and 7.23, depicting the CNO
quiet-time spectra averaged over the full m ission, there is no com pelling evidence for a
low-energy rise in the spectra. In both Figure 7.15 and 7.23, the carbon and oxygen
spectra, the second-lowest energy point (centered at 93 MeV/n and 97 M eV/n for carbon
and oxygen, respectively) in the spectrum m ight seem to suggest an upturn in the
spectrum, but the effect cannot be verified with the CRRES data. The measurement is
hampered by the loss o f particles from the adjacent, lower energy bin (centered at 78
M ey/n for carbon and 83 MeV/n for oxygen) into D3, where no analysis is possible due
to the problems o f background and incomplete trajectory information. M easurements of
CNO in 1990-91 w ith an instrument better able to obtain fluxes o f these species in the
50-100 MeV/nucleon energy range would be necessary to verify the presence o f an
additional component to the spectrum besides the galactic cosmic rays.
8.1.2 T he A no m alo us C om ponent
Chapter 7 described the unsuccessful effort to detect the anomalous component o f
helium, taking advantage o f the eccentric CRRES orbit to employ the Earth’s magnetic
field as a rigidity filter. The attempt failed because of the unfortunate fact that the critical
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cutoff region in space where the transition from a GCR-dominated helium flux to one of
pure anomalous helium would be observable happens to be located in the heart o f the
outer electron radiation belt. There the PSDs capable o f measuring the lowest energy
helium, where the anomalous component would be most prominent, are essentially
blinded by m ulti-fold electron pile-ups that mask the energy deposits o f genuine helium
events. The combination o f the radiation belt configuration, the CRRES orbit, and the
instrument’s capabilities precluded the successful detection of anomalous component
helium.
The goal of resolving the ACR helium from the galactic component using rigidity
filtering was adopted early in this work, before the addition o f P3 data to the flux
analysis for L > 6 revealed the presence o f an additional helium com ponent In
retrospect, there is the question of whether the additional component, which resides in
the same low energy range o f the helium spectrum as the ACR component, would have
obscured the anomalous component deep in the magnetosphere, even if the electron
background issue had not been a limitation. The question would hinge on the charge
state o f the additional component, which in turn depends on its source. Below it is
suggested that the excess component in the helium spectrum is o f solar origin and
should reflect the charge state characteristics o f SEP helium, which is predominantly
fully stripped (Leske et al. 1995; Gloeckler et al. 1994). If the excess component is in
fact SEP helium, then the goal of resolving the ACR helium at solar maximum via
rigidity filtering rem ains feasible, but would require an instrument optim ized to reject
electron background in the outer radiation belt and detect helium in the -10-60
MeV/nucleon energy range. The SAMPEX experiment made a successful measurement
o f the anomalous component using the rigidity filter technique in 1992-1993 (Mewaldt et
al. 1993). This w as well into the recover phase following the 1990-1991 solar
maximum, and solar modulation levels were low er than during the CRRES mission,
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thus the conditions m ore favorable for observation o f the anomalous component. The
question o f w hether the anomalous component was present at 1 AU during the CRRES
mission is unresolved.

8.1.3 The Quiet-Time 3He/4He Ratio
The quiet-tim e helium isotopic ratio in three separate energy ranges was presented in
Figure 7.11. The purpose o f three separate ratio calculations at different energies was to
determine if the excess helium seen in the quiet-tim e spectra differs in its ^ e /H e ratio
from the galactic component. Figure 7.11 shows that, for all but Period 3, the 3He/4He
ratio in the 48-52 MeV/nucleon energy range is in fact larger than the values in the 73-79
MeV/nucleon and 97-110 MeV/nucleon ranges. The higher energy ranges correspond to
portions o f the quiet-tim e helium spectrum fully consistent with the galactic cosmic rays.
In turn, the 3He/*He ratios at those energies are consistent with the value o f
approximately 0.12 in the galactic cosmic rays (Beatty et al. 1993). However, in the 4852 MeV/nucleon channel, the ratio remains between 0.17 and 0.20 for all times
excluding Period 3. The statistics o f the measurements in Figure 7.11 are not
overwhelming, but the 3H e/H e ratio at 48-52 MeV/nucleon sits more than 1a above the
GCR value for the entire mission apart from Period 3. The separation o f the 48-52
MeV/nucleon ratio from the values at higher energies is statistically most clear in Period
4, during which the excess in the helium spectrum is also most prominent (Figure 7.9).
During Period 3, the 3He/4He ratio as shown in Figure 7.11 is essentially identical
across the full energy range o f the spectrum with a value o f roughly 7%. Period 3
follows immediately after the March series o f solar energetic particle events. The
significance o f this 7% 3He/*He ratio w ill be discussed subsequently once the flare
results are summarized.
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8.1.4 The Low Energy Helium Component: Solar Activity and CMEs
In seeking to identify the source and acceleration mechanism o f the excess component
at E < 60 MeV/nucleon in the quiet-tune helium spectra, the diagnostics available in the
CRRES data are the shape o f the helium spectra themselves, and the 3He/4He ratio. The
identification would be improved by a reliable extension o f the CNO spectra down to
about 50 MeV/nucleon, and by a knowledge o f the charge state o f the excess helium
particles, which could in principle be obtained from the same type o f rigidity filter
analysis as was attem pted for the anomalous component. However, these
measurements are not possible with ONR-604. The analysis therefore proceeds on the
basis o f the spectra and isotopic ratios, in the context of the current state of
understanding o f solar energetic particles.
The first suggestion that the excess helium at low energy is of solar origin comes
from the observation in Figures 7.6-7.9 that the excess steadily rises as the mission
progresses. The spectrum below 60 M eV/nucleon begins essentially flat in Period I,
then steepens in Period 2. In Period 3 the entire helium spectrum is perturbed by the
aftereffects of the M arch flares, and the collection statistics are poorest o f all quiet-time
periods due to Period 3’s shorter duration; but the suggestion of a rise in the 40-50
MeV/nucleon range is perhaps weakly present. In Period 4, the trend from Period 2
continues, with the excess low energy helium achieving its highest level o f the mission
relative to the GCR portion o f the spectrum.
The excess, seen m ost clearly in Figures 7.7 ,7 .9 , and 7.10 (Periods 2 ,4 , and the
full mission, respectively) has the character o f an additional power-law energy spectrum
superimposed on the modulated power law GCR spectrum. By fitting through the
second, third, and fourth lowest energy points in the helium spectra (centered at 45.5,
50.0, and 56.0 MeV/nucleon), one can estim ate the power law spectral index o f the
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excess component These spectral indices are listed in Table 8.1, along with other
parameters whose relationship to the spectral index will be further discussed. It is seen
in Table 8.1 that the spectral index in Period 1 is much smaller than at other times;
during this phase, any additional component present is not strongly dominant over the
galactic cosmic rays and the combination o f the two produces a flat spectrum. In Period
2, the spectral index o f the excess component increases to 1.98 and the component
becomes quite prominent. Later, in Period 4, when the feature is m ost prominent, the
spectral index has increased to 2.31.
In addition to the spectra, Figure 7.11 showed that in the range o f the spectra where
the additional component o f helium dominates, the 3He/*He ratio is inflated over the
GCR value. The 48-52 MeV mean ^ e /^ H e ratios from Figure 7.11 are listed in Table
8.1 along with the spectral indices. Also shown in the table is the integral flux o f the
spectrum from 48-52 MeV/n, as a measure o f the total intensity o f particles present
during the period.

Table 8.1 Quiet-time E<60 MeV/n spectral indices, and related parameters.
Integral
Quiet
Period

Spectral
index
Yl e

Rate of
CME/day

48-52
MeV/n

Solar mod.
level

flux*
(48-52

3He/*He

<D(Mv)

MeV/n)

1

0.25

1.22

o .i 69

1589

0.161

2

1.98

1.92

6.202

1344

0.394

3

1.61

1.64

0.070

1370

0.643

4

2.15

2.31

0.182

1432

6.463

Full

1.61

1.75

N/A

1455

0.382

mission
♦ u n itso f(m srsec)
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If one accepts for the moment the hypothesis that the excess helium at low energy is
o f solar origin, then a candidate for the source and acceleration mechanism, producing
the power law spectral shape seen clearly in Periods 2 and 4, and which is enriched in
3He/4H e to levels exceeding 0.1S and rising as high as 0.2, is to be sought.
One candidate able to satisfy both o f these requirements is acceleration by
interplanetary shocks driven by coronal m

ass

ejections. As discussed in Section 7 . 3 . 4 ,

stream-limiting effects from self-generated waves near interplanetary CME-driven
shocks (Reames & Ng 1998) are capable o f producing alterations in the ion ratios of
species o f differing Q/A (charge to mass) ratio, including separate isotopes o f helium.
An approximate lim it to the ^ e A le ratio that can be attained by stream-limiting o f the
helium isotopes near interplanetary shocks has been estimated as 0.10 (Reames 1999),
but that figure is somewhat arbitrary and not based upon any rigorous modeling. It is
arrived at for the most part by adjusting the inferred “limit” of *He enrichment by
interplanetary shock transport to accommodate events believed based on other evidence
to be gradual, shock-driven events. If a 3He/*He ratio o f 0.10 for shock-driven gradual
events is considered attainable then there is no compelling argument against another
factor o f 2 to yield a ratio o f 0.2. The fact is that conjectural limits such as 0.10 for the
enrichment of ^ e in gradual events are constantly adjusted to agree with new
measurements, and very few measurements o f ^ e /^ H e capable o f detecting ratios less
than ~1 have been made in the CRRES energy range o f -40-100 MeV/nucleon. The
state o f theoretical modeling of this stream-limiting effect in detailed application to SEP
transport is still somewhat embryonic.
The timescale over which such an effect would run its course for a single shock is
typically several days (Reames 1999). Typically at solar maximum the sun produces
roughly 2.5 CMEs per day (Reames 1999). Consequently the occurrence o f new CMEs
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and the introduction o f new interplanetary shocks, sweeping up and accelerating material
encountered in interplanetary space, can, at tim es in the solar cycle, take place more
rapidly than the time necessary for a single large shock to completely pass the Earth.
Behind a large CME-driven shock is a large reservoir o f material whose energy spectra
and abundances are characteristic of the shock-accelerated material (Reames, Barbier &
Ng 1996). This material serves as a potential seed population for re-acceleration by
subsequent shocks.
To test whether interplanetary shock acceleration produces the excess helium seen in
the quiet-time spectra for E < 60 MeV/nucleon, Table 8.1 lists the frequency o f observed
CMEs for comparison to the spectral index o f the excess component in each quiet-time
period. One wishes to observe whether an increase in the frequency o f CMEs correlates
with an increase in the prominence of the excess component, i.e., an increase in its
spectral index.
The rate of CMEs was obtained by tallying all events listed in the Solar-Geophysical
Data Reports (1990-1991). These include only CMEs that are observed from Earth,
excluding those that travel away from Earth from the far side o f the sun. Events both
observed optically and inferred from type II or type IV radio bursts were compared to
elim inate redundancy, and the total number o f non-redundant CME events summed for
each quiet-time period. This total was then divided by the number o f days o f rate
collection livetime contributing to the quiet-time helium fluxes.
Table 8.1 shows that, notwithstanding the lim itations of having only four quiet-time
periods for comparison, there appears to be a correlation between the frequency of
CMEs observed and the pow er law spectral index, yu , o f the low-energy excess
component of helium. The rate of CMEs is low est during the CRRES mission during
Period 1, at which tim e the excess component is barely beginning to appear in the low
energy tail of the helium spectrum (Figure 7.6). Here the low energy portion o f the
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spectrum is essentially flat and the excess has yet to assert itself. By Period 2, the
excess component has become prom inent, its spectral index increasing to 1.98, and
correspondingly, the rate o f CMEs has increased from 1.22 to 1.98 CM E/day. During
Period 3 the rate o f CMEs drops to 1.64, and the spectral index o f the excess component
drops in like fashion to 1.61 (note, however, that the 3He/*He ratio at 48-52
MeV/nucleon for Period 3 does not agree w ith the other periods and suggests that the
low-energy portion o f the spectrum is dom inated by a source distinct from the clear
excess component seen in Periods 2 and 4). Finally, in Period 4, the excess component
reasserts itself after the perturbation in Period 3, rising to its m ost prom inent state o f the
entire mission, with the steepest spectrum and a spectral index o f 2.15. In the same
period, the rate o f CMEs per day increases to 2.31.
The foregoing qualitative comparison w ould be strengthened by a rigorous correlation
study of spectral index versus rate o f CM Es, but this would require helium spectra
averaged over, at most, perhaps one week. The time resolution o f such a study is
limited itself by the frequency of CMEs, but if sufficient particles could be collected, the
direct effects of an individual CME shock passage on the helium spectrum could be
observed. Reames, Kahler & Ng (1997) show that the spectra o f particles from shockdriven gradual events evolve in shape over several days prior to shock passage, but
become invariant somewhat before, and continuing after, shock passage. This spectral
invariance is not universally observed for all shock-driven events and its observation
depends on the geometry of the event and the observer in the heliosphere (Reames
1999); but when observed, it is a signal o f CME-driven shock acceleration.
Unfortunately, the collection statistics o f helium in ONR-604 do not support flux
calculations on shorter timescales than the quiet periods as defined. W orking w ithin this
limitation, the data support a correlation betw een frequency o f CM Es in a given quiet-
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tim e period, and the magnitude o f the helium power law spectral index for E < 60
MeV/nucleon.
This is in contrast to the level o f solar m odulation, 4>, which was derived from IMP8 70-95 MeV galactic cosmic ray helium as described in Chapter 5. The modulation
level is at its highest level in the CRRES m ission during Period 1, then drops in Period
2 while the low-energy spectral index and rate o f CME events both increase.
Modulation level 4> then increases somewhat from Period 2 to Period 3, while the
spectral index and CME rate fall. Then in Period 4, d> increases further while spectral
index and CME rate also increase. There is no correlation between

and either the low

energy helium spectral index or the rate o f CMEs observed.
The helium isotopic ratio in the 48-52 MeV/nucleon range as listed in Table 8.1 does
not vary in correlation with the CME rate o r low energy helium spectral index. As
shown in Figure 7.11, during all but Period 3, the ratio is essentially stable to within its
uncertainties.
Interplanetary shocks driven by CMEs seem to be a good candidate to account for the
excess quiet-time helium below 60 MeV/nucleon. The material driven by such shocks
could come from any region transited by the shock, and thus could include ambient
coronal material, ^ e -ric h material from im pulsive solar flares trapped in m agnetic flux
tubes transited by the shock, interplanetary solar wind, and residual m aterial remaining
in space behind a previous CME-driven shock (Reames 1999; Reames 1997).

8.1.5 Additions to the CHIME Model
The CHIME m odel, as used throughout this work to provide theoretical spectra for
comparison to measurements, is reasonably effective in modeling and predicting the
galactic cosmic ray environment during the CRRES mission. Although not part o f this
dissertation due to the fact that the CRRES mission took place entirely during solar
maximum conditions, the model also does a reasonable job of modeling the anomalous
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component o f helium and several heavy ion species during solar minimum, as shown in
Chapters 4 and 6. However, it does not account at all for the excess helium component
below 60 MeV/nucleon, which one might refer to as the “solar component” to the quiet
time helium spectra. The CHIME model extends its calculated spectra down to roughly
5 MeV/nucleon, so the model would need modification to account for the full helium
spectrum observed below 60 MeV/nucleon. This would first require, however, a more
detailed understanding o f this solar component in order to be able to incorporate it into a
predictive model. Ideally one would desire a set o f helium spectral measurements on
daily or hourly tim escales, spanning at least one full solar cycle, extending downwards
to perhaps as low as 10 MeV/nucleon; and a thorough survey o f the CME events
cataloged in the Solar-Geophysical Data Reports, to study in detail the correlation of the
E < 60 MeV/nucleon helium spectral index with the rate of CMEs per day, or better still,
to witness the direct effect o f a single CME shock passage on the spectral index. The
necessary helium measurements have been made by the IMP-8 instrument but such a
correlation study has not been performed.
8.2 S o la r E n e rg e tic P a rtic le s
8.2.1 T he H elium S p e c tra and Iso to p ic R atio s
Unlike the quiet periods, the extension o f the helium spectra for the SEP events of
March and June 1991 by the addition o f P3 data did not significantly alter the
observations. No new or unexpected features o f these spectra were revealed in the
energy domain covered by the addition of the P3 data.
Figure 7.3S showed the helium spectral index evolving as a function o f time for the
M arch and June periods. Supposing, for the moment, that all nine SEP events are
gradual shock-accelerated events, and assuming that shock passage corresponds to the
time of peak particle intensity, the spectral invariance discussed above is only observed
for events June C and June D. For most other events, excluding M arch B, the spectral
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index tends to rise over the days following peak particle intensity. For March B, the
index plummets sharply shortly after peak intensity.
The 3He/4He ratio as a function of time for M arch and June was shown in Figure
7.39. Here a striking difference is observed betw een the March and June periods. In
June the isotopic ratio is reasonably stable throughout the entire period o f almost three
weeks, fluctuating only on a small scale between about 0.005 and 0.02, averaging about
0.01. In contrast, the M arch interval witnesses two sharp spikes in the ratio, rising to
about 0.16 in March A and 0.22 in March C. In the March A event, the ^ e / 4He ratio
peaks in coincidence with the maximum of the flux; while in March C, it peaks at the
onset o f the associated flare event and has already begun to subside when the peak
particle intensity is observed. The association o f particle intensity, i.e., spectral
am plitude, with 3He/*He ratio was examined as a scatterplot in Figure 7.40. No
correlation exists. Neither does the spectral index correlate with the ^ e / 4H e ratio in
these SEP events, as shown in Figure 7.41.

8.2.2 Source Population and Acceleration Mechanism
The two basic types o f solar energetic particle events are “impulsive “events, typically
3He-rich and of short duration, on the order o f hours; and “gradual,” CM E-shock driven
events. In impulsive events certain species, particularly ^ e , are enriched at the source,
in the magnetic field loops at the solar flare site in the low corona (Cliver 1996; Reames
1999). The enrichment occurs through resonant wave-particle interaction, selectively
heating 3He to provide an enhancement of ^ e at energies higher than the thermal state
o f the ambient medium (Miller 1997; Temerin & Roth 1992; Roth & Temerin 1997).
Im pulsive events are frequently associated w ith type HI radio bursts from the streaming
electrons accelerated in the flares.
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Because accelerated flare material crosses solar magnetic field lines only w ith great
difficulty, the source regions o f im pulsive events witnessed at the Earth are concentrated
in the western hemisphere of the sun, w here the flare site is magnetically well-connected
to the Earth (Reames 1999). This is in clear contrast to gradual, interplanetary shock
accelerated SEP events, which are distributed across all heliolongitudes, due to the fact
that CME-driven shocks cross field lines and carry their accelerated SEP material with
them.
The particles in gradual SEP events are accelerated stochastically by CME-driven
interplanetary shocks. For species o f identical Q/A ratio, the material from gradual
events reflects the composition o f the source material, which may consist o f particles
picked up in the upper corona or in interplanetary space. For species o f dissim ilar Q/A,
time-dependent relative abundance variations can be produced by the differential effect
o f stream-limiting caused by proton-generated waves near the shock, confining species
o f low rigidity in the shock region while allow ing more rigid particles to escape. This
can yield an elevated ^ e/^ H e ratio m easured near the shock (less rigid 3He is confined
near the shock, thus enriching it relative to m ore rigid ^ e ) and a correspondingly
decreased ratio measured in the shock-accelerated material far from the shock (Reames
1999). If abundances are averaged over a long enough time (on the order o f days,
sometimes a week or more) to allow sam pling o f all regions of space dominated by
material from a single gradual event, such Q/A-dependent enrichments and depressions
should disappear in the average and abundances should reflect the source composition.
Figure 7.37 shows the spectral index o f the M arch and June events plotted versus
heliolongitude o f the corresponding flare region. The stability o f the average spectral
index in June, and the comparatively steeper spectra in March, are o f less consequence
in the interpretation o f the events than the heliolongituninal distribution o f the events.
The June events, which originate from a single active region o f the sun over a period o f
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nearly three weeks, as solar rotation causes the active region to track across the solar
disk, are distributed across nearly 180 degrees o f heliolongitude. The M arch events,
which occur over a much shorter timespan than the June events, extend from east 28°
(M arch A), about the central meridian (M arch B) to west 13° (March Q . W hat this
reveals is that the flare sites for the March events A and B, and for June events A-D, are
magnetically poorly connected to the Earth. T his argues against impulsive acceleration
and transport of ^ e -ric h material directly to the Earth along solar magnetic field lines.
Events June E and F originate from well-connected western heliolongitudes, but their
spectral indices, 3He/4H e ratios, correlation w ith type II and type IV radio bursts, and
occurrence during June F o f a shock-induced Sudden Storm Commencement
(geomagnetic storm; those observed are listed in Table 7.6) all indicate that the June E
and F events are similar in character to the rem aining June events. March C ’s associated
flare is located near the lim it o f what can be considered magnetically well-connected and
requires further consideration, which will be presented subsequently.
The radio bursts, geomagnetic storms, and the heliolongitudinal distribution o f the
June events all point to interplanetary shock acceleration by CME-driven shocks.
Possible counterindications to this are the gam m a ray observations cited in C hapter 7
and Table 7.6, and the 3He/4He ratio, which on average is enriched in June by roughly
20 times over the coronal/solar wind value o f 0.0005. But the ratio of approxim ately
0.01 during the June period is less than current estim ates o f what can be produced
through stream-limiting rigidity effects (Ream es 1999), approximately 0.10. The 1%
level o f ^ e A le throughout June seems attainable by Q/A-dependent enhancem ent from
a source population with coronal abundances. Because the June events follow each
other in fairly short succession, each occuring not more than 2-4 days after the
preceding event, it is likely that the instrument remained connected to the shock region
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o f one or more CME-driven shocks at all times throughout the June event, accounting
for the stability o f the ^ e /H e ratio throughout the June period.
The gamma ray observations cited in Table 7.6 are indicative o f impulsive
acceleration in the lower corona and collision o f the accelerated protons with solar nuclei
to produce the gamm a rays. But this need not imply that the im pulsive event was the
source of the SEP particles observed. In fact events for which gam m a ray observations
were recorded during June, June A and B, are magnetically the m ost poorly connected
events of the June or March periods and particles accelerated along flux loops in an
impulsive event at the sun would not reach the Earth. The SEPs arriving at Earth during
these events had to cross solar magnetic field lines in transit, indicating that they were
transported by interplanetary shocks. The June SEP events are evidently in all respects
consistent with CME-driven interplanetary shock acceleration o f coronal or solar wind
material.
The March A event is in many respects sim ilar to the June events. Like June A and
B, March A yielded evidence of nuclear gamma rays, but again, it is not implied that the
event producing the gamma rays yielded the March A SEP helium. March A’s
associated flare occurred at east 28° solar longitude, a poorly connected location. The
event produced a very large geomagnetic storm (Blake et al. 1992a) which resulted from
direct collision w ith the Earth of a strong interplanetary shock. From the SSC event, the
presence o f an interplanetary shock is unambiguous; it is further confirm ed by the
observation o f a type n radio burst in coincidence with the onset o f the March A event.
The 3He/4He ratio o f March A distinguishes it from the June events. The ratio spikes
during the M arch event to a value of 0.16. W hile this ratio exceeds the approximate
10% limit, proposed in Reames (1999), o f ^ e / H e enrichment through stream-limiting
near interplanetary shocks, the value of 10% is merely an estimate and does not
rigorously imply that stream-limiting cannot produce a 16% abundance o f ^ e /H e near
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the shock. The peak o f the ^e/^H e ratio occurs in coincidence with the helium intensity
peak, as seen in Figure 7.41. This is consistent w ith shock transport, w ith both the
intensity and the ^ e /^ H e peaks occurring near the tim e o f shock transit past the
instrument (Reames 1990a).
On a smaller level, March B exhibits the sam e behavior in its ^ e /^ K e ratio. As seen
in Figure 7.39, the jum p in 3He/4He during M arch B, from about 0.03 to the peak value
o f about 0.06, occurs, to within the resolution o f the averaging time in the ^ e/^ H e ratio
calculations (one orbit, L > 6, ~4 hours o f collection time) in coincidence with the peak
o f the helium intensity, consistent with shock transit delivering a sample o f helium,
enriched in 3He by stream-limiting, and peaking in intensity near the shock. No further
supporting evidence o f interplanetary shock acceleration for March B is found in the
form o f SSCs or radio bursts, but the heliolongitude o f the source region (near the
meridian, poorly connected) and the behavior o f the ^ e / H e ratio indicate that the solar
energetic helium particles of March B, like M arch A and June A-F, were accelerated
from coronal or interplanetary material and transported to the Earth by a CME-driven
interplanetary shock.
March C is the lone remaining event to consider, and it stands out from all other
events in certain ways. Alone among the M arch and June events, M arch C is
accompanied by a type m radio burst, a diagnostic indication o f im pulsive solar flare
acceleration. No type n or type IV bursts, indicative o f CME-driven shocks, were
witnessed. March C ’s associated flare site is at w est 13° heliolongitude. This is near the
edge o f the observed distribution of impulsive events, which typically originate between
the west limb and about 15° west longitude (Ream es 1999). The associated flare
location for March C can be considered reasonably well connected magnetically to the
Earth, allowing transport along field lines o f flare-accelerated material to the Earth.
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The behavior of the ^ e/^ H e ratio during March A and March C appears similar in
Figure 7.39, but there is a significant difference. The peak o f the ^ e/^ H e ratio in
March A coincides with the intensity peak, as expected for gradual interplanetary shock
acceleration. The March C 3He/4He ratio, however, peaks near the onset o f the event,
well before the intensity peak, which occurs roughly tw o CRRES orbits (~ 20 hours)
later. Cane, Reames & von Rosenvinge (1988) and Ream es (199S) show that in the
time-intensity profile of a gradual event originating near the solar meridian, the peak
intensity and shock transit at the instrument coincide, w hile for west longitude gradual
events, the intensity peaks before the shock arrives. B ut at the time of shock transit, any
3He/*He enhancement from stream-limiting effects m ust reach its peak also, since the
enhancement effect is based on confinement of 3He near the shock. In M arch C, if the
spike in the 3He/4He ratio represented transit o f an interplanetary shock, it would occur
before the intensity peak, which is inconsistent with M arch C’s origin as a western
event. Thus the combined tim ing o f the 3He/*He ratio peak, the helium intensity peak,
and the heliolongitudinal location o f the associated flare all indicate against interplanetary
shock acceleration for March C. Meanwhile the supplementary diagnostics, the
observation o f a type HI radio burst and absence o f an SSC or type II or type IV radio
burst, support the argument that the SEP helium o f the M arch C event was accelerated at
the associated flare site, enriched at the flare site in 3H e by resonant heating, and
transported to the Earth along solar magnetic field lines connected to the flare site.

8.2.3 SEP Residual Influence on Quiet Periods
Returning to the interpretation o f the 3He/4He ratio in the quiet-time periods, and to
Figure 7.11, we revisit the question o f why the helium isotopic ratio at different energies
in the helium spectrum, while exhibiting essentially the same behavior throughout
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Periods 1 and 2 and returning to the same characteristics in Period 4, is so strikingly
different during Period 3. As seen in Figure 7.11, in Period 3 the ^ e / H e ratio across
the entire energy spectrum is depressed to below the galactic cosmic ray level, and
below the ratio in the E < 60 MeV/nucleon solar helium component reported above. In
fact the 3He/4He ratio across the whole spectrum in Period 3 is very similar to the
average 5-8% level o f the M arch flare period. This is significant because Period 3
follows immediately after the M arch flares (see Figure 7.5). Period 3 lasts for about one
month following the M arch flares. Reames (1997) points out that behind a large shock,
such as the very large shock o f March A that produced the SSC storm event, there is a
large, quasi-trapped pocket o f particles, extending over a large fraction of the inner
heliosphere and reflecting the same abundances and spectral characteristics as the shock
expands and the pocket dissipates. Since there is a clear divergence o f the behavior o f
the 3He/4He ratio during Period 3 from the rest o f the quiet periods, while the Period 3
ratio is in fact very sim ilar to the overall average ratio o f the March flares that
immediately precede it, the indication is that the helium measured by CRRES during
“quiet” Period 3 is not actually “quiet-time,” i.e. non-flare helium, but in fact is
dominated largely by residual particles from the March flare period. The source o f these
particles, days and weeks after the March events, would be the large quasi-trapped
pocket region o f helium behind the outward-bound shock o f the March A event, which
could have remained magnetically connected to the Earth for the duration o f Period 3
(Reames 1997).

8.3

Conclusions

Addressing the enumerated goals of this work stated at the beginning o f this chapter:
(1) The quiet-time fluxes o f helium, carbon, nitrogen and oxygen were m easured for
various phases o f the CRRES mission. Throughout the mission the CNO spectra
are consistent w ith the galactic cosmic rays. Helium exhibits a surplus o f helium
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a t E < 60 MeV/nucIeon that represents an additional component. This component
has a spectral index that varies in correlation with the frequency o f CMEs from
the Earth-side hemisphere o f the sun and has a ^ e /^ H e ratio that is enriched
relative to the galactic cosmic rays. The spectral index does not correlate with the
3He/4He ratio or with the level o f solar modulation. Above 60 MeV/nucleon the
quiet-tim e helium spectra and isotopic ratios are consistent with the galactic
cosm ic rays for all periods except Period 3, when the entire helium spectrum is
contaminated by residual solar energetic helium from the March series o f flares,
as evidenced by the Period 3 3He/4He ratios at different energies across the
spectrum .
(2) The ONR-604 instrument is not capable of m easuring anomalous component
helium during the CRRES mission. The rigidity cutoff region in the
magnetosphere where the anomalous component w ould become dominant, as the
galactic component is filtered away, lies in the heart o f the outer electron radiation
belt, where the intense electron background defeats the instrument’s ability to
resolve low-energy anomalous helium. Therefore the question o f the anomalous
com ponent’s presence or absence at 1 AU during the CRRES mission remains
unresolved.
(3) Given the apparent (albeit based on few data points, due to the limited collection
statistics o f the quiet-time helium) correlation o f the spectral index of the E < 60
M eV/nucleon excess component o f helium with the frequency in a given period o f
CM Es from the sun; and given a plausible mechanism (stream-limiting
confinement o f ^ e near traveling interplanetary shocks) by which the enrichment
o f *He in this excess quiet-time component can be explained, the most
satisfactory conclusion is that the excess low energy helium in the quiet periods is
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a solar component, consisting o f coronal and solar w ind particles accelerated by
interplanetary CME-driven shocks. These shocks are sim ilar to, but sm aller and
weaker than the strong shocks that produce the large June SEP events. The
enrichment o f the 3He/4H e ratio in this solar component is accounted for by Q/Adependent stream limiting effects. This solar com ponent essentially disappears in
Period 1 when the rate o f CM Es per day is at its lowest, and it is predicted that
the component would be absent altogether during the quiescent conditions o f
solar minimum when CMEs occur even less frequently.
(4) The CHIME model, used as a reference o f com parison for all the quiet-time
fluxes shown in this work, perform s well in the prediction o f the solar
modulation level, and the reproduction o f the galactic cosmic ray spectra.
Although outside the scope o f the CRRES analysis due the fact that CRRES was
in service only during solar maximum, CHIME also models the anomalous
component to the spectra o f helium , oxygen, nitrogen, and neon. However, the
CHIME model does not predict o r reproduce the quiet-tim e solar component. An
enhancement o f the CHIME m odel to incorporate this component into the
predicted spectra might be based upon a detailed tem poral study, in time steps o f
days or hours, o f the helium spectrum in com parison to the occurrence of CMEs
from the sun. The IMP-8 instrum ent could provide the necessary helium data for
such a study.
(5) Of the nine large SEP events studied in this work, two during March 1991 and all
six during June 1991 exhibit characteristics consistent with a model o f shock
acceleration and transport o f coronal and solar wind helium by CME-driven
interplanetary shocks. The M arch C event does not agree with this model, but in
the longitudinal location o f its associated flare and the observation o f a type m
radio burst, is consistent w ith impulsive acceleration and resonant ’H eA le
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enrichment at the flare site, with transport to the Earth occurring along Earthconnected solar m agnetic field lines. The June results indicate that gradual shock
acceleration from CM E-driven shocks can produce stable, enriched observed
levels of ^ e / H e , sustained over relatively long periods so long as additional
shocks continue to follow . This in turn lends support to the conclusions in (3)
above, where CM E-driven shocks occurring on an ongoing basis during the
quiet-times are taken to account for the sustained enrichment of ^ e A f e in the
low energy solar quiet-tim e com ponent The March A results suggest that
gradual, interplanetary shock-accelerated SEP events can produce observed
3He/4He ratios o f about 0.16, higher than previously estimated, and sim ilar to the
enrichments seen from resonant heating o f 3He in impulsive solar flare events
such as March C.
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